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SUMMARY
The o r ig in a l  in te n t io n  o f th e  work was to  s tudy  th e  decom position of 
c e r ta in  chrom ium (lll) complexes, by therm ograv im etric  a n a ly s is  and o th e r 
methods, and to  use th e  therm ogravim etric  d a ta  in  th e  ev a lu a tio n  of 
k in e t ic  param eters fo r  th e  v a rio u s  decom position s ta g e s . In  view , however, 
o f th e  somewhat confused s ta t e  of knowledge in  t h i s  f i e l d ,  th e  work 
developed in to  a d e ta i le d  exam ination of th e  d e te rm in a tio n  of k in e t ic  
param eters from therm ograv im etric  d a ta .
The e x is t in g  methods were compared, and were found to  be l im ite d  in  
a p p lic a tio n  to  system s of known o r assumed o rd e r o f r e a c t io n  o r d id  not 
give r e l i a b l e  v a lu e s . V arious new approaches u s in g  the  r a te  eq u ation  
~  = k ( l - a ) n and th e  A rrhenius ex p ress io n  were developed and i n i t i a l l y  
te s te d  on th e  th re e  s tag es  o f th e  decom position o f calcium  o x a la te  
monohydrate. On c lo s e r  exam ination th e se  s tag e s  proved to  be poor 
s tan d a rd  r e a c t io n s .  The sub lim atio n  of some o rgan ic  compounds, re le v a n t 
to  some work on p latinum  amine complexes, was used as s tan d a rd  z e ro -o rd e r 
re a c t io n s .
The b e t t e r  of th e  seven developed approaches were in v e s t ig a te d  in  
some d e ta i l  and th e  r e s u l t s  compared w ith  th o se  from iso th e rm a l s tu d ies*  
F u r th e r , th e  in flu en c e  of p ro ced u ra l d e ta i l s  such as h e a tin g  r a t e ,  
environm ental atmosphere and weight of sample were in v e s t ig a te d . The
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p o s s ib i l i ty  of study ing  th e  v a r ia t io n  o f th e  k in e t ic  param eters throughout 
th e  course o f the  r e a c t io n  was in v e s t ig a te d . Wherever p o s s ib le  th e  
param eters o b ta in ed  in  th e  p re se n t work were compared w ith  those  in  th e  
l i t e r a t u r e  from iso th erm al and therm ograv im etric  s tu d ie s .  Some g en era l 
conclusions re g a rd in g  th e  c o n d itio n s , under which m eaningful k in e t ic  
param eters could  be ev a lu a ted  from therm ograv im etric  d a ta , a re  s ta te d .
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S E C T I O N  1
INTRODUCTION JND HISTORY
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1 .1 .  In tro d u c tio n
Therm ogravim etric a n a ly s is  i s  one o f th e  therm al methods o f a n a ly s is
v/hich have been in c re a s in g ly  developed in  a wide v a r ie ty  of f i e ld s  in  re c en t
y e a rs . Thermal methods o f in v e s t ig a t io n  may be de fin ed  as experim ental
p rocedures f o r  th e  c h a r a c te r is a t io n  o f a  system  (e lem ent, compound o r m ixture)
by m easuring changes in  physico-chem ical p ro p e r t ie s  o f the  system as a
1
fu n c tio n  of tem peratu re  . I
\
2Thus therm ograv im etric  a n a ly s is  (T .G .A ,) i s  de fin ed  as th e  s tudy  of 
changes in  w eight o f a  system  measured as th e  tem peratu re  i s  in c re a se d  
(o r  decreased) a t a  l in e a r  r a t e  w ith  re sp e c t to  tim e . The o th e r  w e ll known 
therm al method o f  in v e s t ig a t io n  i s  d i f f e r e n t i a l  therm al a n a ly s is  (D .T .A .)^ 
which i s  de fin ed  as the  s tudy  of changes o f h ea t co n ten t as th e  tem peratu re  
i s  v a r ie d  a t  a l in e a r  r a te  w ith  re sp e c t to  tim e . T.G.A. and D.T.A. a re  th e  
two most w idely  used  th e rm o -a n a ly tic a l p rocedures bu t o th e r  methods which 
come w ith in  the  d e f in i t io n  in c lu d e  measurement o f changes in  gas volume o r 
p re s su re , changes in  s o l id  volume; changes in  e l e c t r i c a l  r e s is ta n c e ,  
changes in  u l t r a v i o l e t ,  v i s ib le  o r in f r a r e d  tran sm iss io n  o r re f le c ta n c e ^ .  
This work i s  concerned w ith  therm ograv im etric  an a ly sis*
1 .1 .1 .  H is to r ic a l  In tro d u c tio n  to  T.G.A.
The techn ique  o f  g rav im e tric  a n a ly s is  can be extended to  g ive more 
d e ta i le d  in fo rm atio n  when c e r ta in  m a te r ia ls  a re  h e a te d . Thus samples o f th e  
m a te r ia l can be h ea ted  a t  a  s e r ie s  o f  tem pera tu res and weighed a f t e r  
co o lin g  to  room tem peratu re  . From t h i s  d a ta ,w e ig h t- lo s s  o r !p y r o ly s is !
curves can be c o n s tru c te d . However, t h i s  d iscon tinuous procedure s u f fe rs  
from a number o f d isad v an tag es:
(1) P o ss ib le  uptake o f atm ospheric m oistu re  d u ring  t r a n s f e r  from the  
fu rnace  to  th e  d e s ic c a to r .
(2) C on tinuation  of th e  r e a c t io n  during  cooling^ s in ce  th e  r e a c t io n  i s  
u n lik e ly  to  cease im m ediately th e  sample i s  removed from the  fu rn ace .
( 3) Many samples would be re q u ire d  and th e  c o n s tru c tio n  o f one
w eigh t-tem pera tu re ' curve would be a wearisome p rocedure.
The lo g ic a l  development was to  weigh th e  sample in  th e  fu rnace  by
£
in c o rp o ra tin g  th e  balance  and th e  fu rnace  in  one in s tru m en t. H rbain 
designed a balance  to  reco rd  su ccess iv e  ra p id  w eighings of a sample,
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e .g .  an e f f lo re s c in g  s a l t ,  a t  any d e s ire d  tem p era tu re . In  1905 B r i l l  ,
in  what was p o s s ib ly  th e  f i r s t  experim ent in  th e  f i e l d  o f therm ogravim etry,
s tu d ie d  th e  decom position of th e  a lk a l in e  e a r th  and magnesium carbonates  
8u s in g  a N em st m icrobalance in  con ju n ctio n  w ith  a p la tinum  wound fu rn ac e .
9
Honda co n stru c ted  an ap p ara tu s  f o r  re c o rd in g  w eight changes w ith  r i s e
in  tem peratu re  and in tro d u ced  th e  name therm obalance fo r  t h i s  in s tru m en t.
Prom 1925 G u ic h a rd ^ , u s in g  a h y d ro s ta tic  com pensation ba lance  o f h is
own d esig n , s tu d ie d  many d ehydra tion  re a c t io n s  by T.G.A. In  1944 
11Chevenard developed h is  therm obalance fo r  s tu d y in g  th e  c o rro s io n  of m eta ls  
bu t h is  ap p ara tu s  has been adapted  fo r  use  in  many o th e r f i e l d s .
Using a m o d if ica tio n  of Chevenard* s in strum en t Duval undertook a 
p ro d ig ious s tudy  o f many g rav im e tric  p r e c ip i ta te s  used in  a n a ly t ic a l
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ch em istry . Although h is  work has been c r i t i c i s e d  due to  th e  h igh  h e a tin g
12 13r a te s  he employed and f o r  o th e r  rea so n s , h is  work and h is  books 9 
have p layed  a m ajor p a r t  in  p u b l ic is in g  therm ogravim etric  a n a ly s is .
In strum en ts  have been designed  p e rm ittin g  bo th  T.G.A. and D.T.A. 
to  be c a r r ie d  out s im u ltaneously , e .g .  one may c i t e  th e  work o f Erdey and 
th e  P a u l ik s ^ .
1 .1 .2 .  The Thermobalance
The two e s s e n t ia l  f e a tu re s  o f a therm obalance a re , o f co u rse , th e
fu rnace  and th e  b a lan ce . Although weighing o p e ra tio n s  can be c a r r ie d  out 
15m anually , th e  m a jo rity  o f modem in stru m en ts  have autom atic re c o rd in g  of 
bo th  w eight and tem perature# Thus th e  re c o rd e r  has come to  be regarded  as 
th e  th i r d  e s s e n t ia l  fe a tu re ?  and th e  p ro v is io n  o f a s u i ta b le  r e a c t io n  
chamb^gr might w e ll be considered  th e  fo u r th  n e c e s s i ty  fo r  a  modem 
in s tru m e n t.
( l )  Balance
Gprdon and C am pbell^  have p u b lish ed  a comprehensive review  of 
autom atic  and re c o rd in g  ba lan ces  th a t  can be used  f o r  T.G.A. In  t h i s  
review  th e y  d is t in g u is h  between two types o f b a la n c e s i (a )  n u ll-p o in t 
and (b ) d e f le c t io n  in s tru m en ts .
(a )  N u ll-p o in t in s tru m en ts
The n u l l - p o in t  in strum en t in c o rp o ra te s  a s u i ta b le  sen sin g  elem ent 
which w i l l  d e te c t any d e v ia tio n  o f th e  balance  beam and apply  a  r e s to r in g
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fo rce  to  r e tu rn  th e  "beam to  i t s  o r ig in a l  p o s i t io n .  Thus th e  w eight change
i s  p ro p o r tio n a l to  the  r e s to r in g  fo rc e , which may then  be reco rded  e i th e r
d i r e c t ly  o r th rough  a tra n sd u c e r . The r e s to r in g  fo rce  could be
(a )  m echanicals e .g .  e i th e r  th e  a d d itio n  o r removal of d is c r e te  w eigh ts,
1 7o r by th e  p o s it io n in g  o f a  r i d e r  on a  beam i o r (b) brought about by
18e lec tro m ag n e tic  in te r a c t io n  e .g .  coil~m agnet o r c o i l - c o i l  o r
(c )  caused by e lec tro ch em ica l methods e .g .  cou lom etric  d is s o lu t io n  or
19d e p o s itio n  o f m eta l a t an e le c tro d e  suspended from th e  balance beam .
(b ) D e fle c tio n  in s tru m en ts
These a re  based  on th e  co n ven tional a n a ly t ic a l  b a lan ce , h e l i c a l
sp rin g , c a n ti le v e re d  beam, s t r a in  gauge o r to r s io n  balance and invo lve  the
conversion  o f a c tu a l  d e v ia tio n s  in to  a re c o rd  of th e  change in  w eigh t.
20In  th e  S tan ton  in strum ent th e  d e f le c t io n  o f th e  beam i s  fo llow ed by a 
cap a c itan c e -fo llo w e r p la te  lo c a te d  over th e  balance  beam. The movement 
o f th e  fo llo w er p la te  i s  converted  to  a c h a r t re c o rd  by a le v e r  mechanism.
The s e n s i t i v i t y  of th e  balance  must be such as to  allow  th e  s tudy  of 
sm all sam ples.
( 2 ) Furnace
The fu rnace  must be ab le  to  m ain ta in  a l in e a r  r i s e  of tem peratu re
w ith  tim e up to  th e  maximum tem peratu re  re q u ire d  and i t  must a lso  be capable
of m ain ta in in g  a co n stan t tem pera tu re  in  any s u b s id ia ry  iso th e rm a l s tu d ie s .
o 21Furnace designs capable o f g iv in g  a maximum tem peratu re  o f 2200 C and 
o 222700 C have been quoted, b u t th e  m a te r ia ls  which a re  u s u a lly  used  as
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fu rnace  w indings, namely nichrome and platinum -rhodium , allow  maximum 
tem peratu res of. 1100°C and 1550°C re sp ec tiv e ly *
A l in e a r  tem peratu re  r i s e  i s  u s u a lly  achieved by a s u i ta b le  smooth
power in p u t c o n tro lle d  by a therm ocouple s i tu a te d  as c lo se  as p o ss ib le  to
th e  fu rnace  w inding. The appearance of therm al p u ls in g  e f f e c t s ,  owing to
p e rio d ic  a p p lic a t io n  o f  r e l a t i v e ly  la rg e  power increm en ts, lead s  to  a
23ragged w eight reco rd  and th e  use o f some form of s te p le s s  c o n tro l of th e  
power supply  to  the  fu rnace  th rough  a s a tu ra b le  r e a c to r  has been shown to  
g ive a  more uniform  r i s e  of te m p e ra tu re ^ .
The ho t zone of the  fu rnace  must be as uniform  as p o ss ib le  and th e  
c ru c ib le  must always be lo c a te d  w ith in  th e  hot zone. This i s  p a r t i c u la r ly  
im portan t in  d e f le c t io n  in s tru m en ts  s in ce  th e  c ru c ib le  moves in  r e la t io n  
to  i t s  i n i t i a l  p o s i t io n  in  the  hot zone when weight i s  lo s t  o r ga ined . The 
r a te  of h e a tin g  should be re p ro d u c ib le  and th e  fu rnace  should be capable 
of supp ly ing  as wide a range of h e a tin g  r a te s  as p o s s ib le .  A lthough r a te s  
of 1 -  3° p e r min. a re  norm ally  employed in  T.G.A. s tu d ie s ,  i t  i s  u s e fu l 
to  have f a s t  h e a tin g  r a te s  to  be ab le  to  reach  a h igh  tem peratu re  qu ick ly , 
i f  iso th e rm a l s tu d ie s  a t  h igh  tem peratu res a re  contem plated, o r fo r  f i r i n g  
c ru c ib le s .  A b i f i l a r  wound fu rnace  i s  to  be p re fe r re d  as i t  e lim in a te s  
any in te r a c t io n  between a m agnetic sample and th e  fu rnace  w inding, which 
would give erroneous weight re c o rd s .
( 3) Recorder
The re c o rd in g  system  should reco rd  th e  tem peratu re  and w eight
-  13 -
con tin u o u sly  and have some re c o rd  o f th e  tim e . The use o f o r s id e  by
s id e  rec o rd in g  i s  to  be p re fe r re d  to  th e  use o f XY reco rd in g  s in ce  th e se  
methods p rovide an independent rec o rd  o f bo th  tem peratu re  and w eigh t. The 
speed of th e  c h a rt from th e  re c o rd e r  should be capable of v a r ia t io n  to  a id  
in te r p r e ta t io n  e .g .  fo r  a f a s t  re a c tio n  a f a s t  c h a r t speed would sp read  out 
th e  tra c e  and show up any changes in  r a t e ,  con v erse ly  fo r  a  slow re a c tio n  
or when th e  w eight rem ains co n stan t f o r  a long  p e rio d  of tim e , i t  i s  more 
economical to  use a slow c h a rt speed.
( 4 ) R eaction  Chamber
I d e a l ly  a therm obalance should perm it work in  a v a r ie ty  of 
atm ospheres, co rro s iv e  and n o n -co rro s iv e  and a t reduced and in c re ase d  
p re s su re s . R eaction  chambers have been designed f o r  work in  dynamic 
atm ospheres, as w e ll as th e  u su a l s t a t i c  c o n d itio n s , w ith  a s tead y  flow  of 
i n e r t ,  o x id is in g  o r reducing  g a se s . Instrum ents  have been designed which
2 £T 26
can opera te  under th e  above c o n d itio n s  and under vacuum •
The tem peratu re  as reco rded  by th e  instrum en t should be p re fe ra b ly  
th a t  o f th e  sam ple, or measured from as n ea r to  th e  sample as p o s s ib le .
The design  o f th e  in s tru m en t, th e  p la c in g  of th e  fu rnace  r e l a t i v e  to  th e  
balance  mechanism, must be such th a t  the  s e n s i t i v i t y  of th e  balance  i s  
co n stan t throughout th e  h e a tin g  programme and th a t  any c o rro s iv e  gases 
e i th e r  evolved o r used as th e  atmosphere, do not come in to  co n tac t w ith  
th e  fu rnace  w inding o r th e  balance  mechanism.
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1 .1 .3 .  P re s e n ta tio n  o f d a ta
There a re  two main methods of g ra p h ic a l re p re se n ta tio n  o f d a ta  from 
therm ogravim etric  ru n s :
(2l) th e  s o -c a lle d  therm ogravim etric  curve (T.G. curve F ig . l ) . 
and (XI) th e  d i f f e r e n t i a l  therm ograv im etric  curve (D.T.G. curve F ig . 2 ) .  
(X) The T.G. curve
In  th i s  method some fu n c tio n  o f th e  c o rre c te d  w eight [v id e  in f r a
c o r re c t io n  curvesp74] i s  p lo t te d  a g a in s t e i th e r  th e  tem peratu re  T o r tim e t
(see  F ig . l ) .  I f  th e  tem perature  r i s e  i s  l in e a r ,  tem peratu re  and tim e
dTare  r e la te d  by th e  ex p ress io n  T = b + a t  ( i . e .  a  = “[£■)> where a = h e a tin g  
r a t e  and b = i n i t i a l  tem p era tu re . In  th e  p re sen t work tem peratu re  i s  
used  throughout as th e  X c o o rd in a te . A number of r e p re s e n ta t iv e  p lo ts  of 
tem perature  ag a in s t tim e fo r  d i f f e r e n t  h e a tin g  r a t e s  are  given (F ig . 3 ) .  
These confirm  th a t  in  t h i s  work th e  h e a tin g  r a te s  were uniform  throughout 
th e  re a c tio n s  s tu d ie d .
There a re  two p r in c ip a l  ways o f ex p ress in g  the  w eight param eter, 
each o f which can be su b -d iv ided  as below z
A. In  term s o f th e  weight rem aining
( 1 ) as th e  t o t a l  w eight rem ain ing .
( 2) as th e  percen tage  of th e  i n i t i a l  w eigh t.
( 3) as th e  f r a c t io n  o f th e  i n i t i a l  w eigh t.
( 4 ) as m olecu lar weight u n i ts  rem ain ing .
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B. In  term s o f th e  w eight lo s t
(1 ) as th e  t o t a l  w eight l o s t .
( 2) as th e  percen tage  o f th e  i n i t i a l  w eigh t.
(3) as th e  f r a c t io n  of the  i n i t i a l  w eigh t.
(4) as m olecu lar weight u n i ts  l o s t .
In  th e  p re se n t work a m o d if ica tio n  o f method B ( 3 ) was adopted,
$ince th e  re a c t io n s  s tu d ie d  were s in g le -s ta g e  re a c t io n s  
e .g .  a A / v ---- * b B - . + c C ,  N
(a) (s) (s)
The f r a c t io n  o f A decomposed a t tim e t ,  a , was p lo t te d  a g a in s t tem p era tu re , 
a i s  de fin ed  by eq u atio n  1 .1 .1 ,
" i f - w T**"" i bM-n i —1
a = i  1 - 2  1 ( 1 .1 .1 . )  w here \ = i 1 - —  I ( 1 .1 .2 . )
V W 3 I- A j’ 0
and
^  » w eight a t  tim e t
= i n i t i a l  weight of sample 
= m olecular w eight o f A 
Mg = moleculaa? w eight of B,
This n o ta tio n  was used fo r  th e  fo llo w in g  re a so n s :
( i )  A ll s in g le -s ta g e  re a c tio n s  s t a r t  a t a = 0 and end a t  a= 1 , 
This enab les a  d i r e c t  comparison to  be made even i f  d i f f e r e n t  s t a r t i n g  
w eights of th e  sample a re  used .
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( i i )  This n o ta t io n  i s  used in  iso th e rm a l s tu d ie s  on s o l id s 2^ and 
s in ce  th e re  must he a r e la t io n s h ip  between k in e t ic s  s tu d ie d  e i th e r  
iso th e rm a lly  o r a t  co n stan t r i s e  of tem p era tu re , use of th e  same n o ta tio n  
seems fundam ental,
( H )  The D.T.G. curve
In  t h i s  p re s e n ta tio n  th e  r a t e  o f change o f w eight i s  p lo t te d  
a g a in s t e i th e r  tem peratu re  o r tim e (F ig , 2 ) . In  th i s  work ^  i s  p lo t te d  
ag a in s t tem p era tu re .
In  most in v e s t ig a tio n s  i t  i s  b e s t  to  p lo t  b o th  th e  T.G. curve 
and th e  D.T.G. curve s in ce  d e ta i l  which i s  no t im m ediately c le a r  in  the  
form er i s  o f te n  much c le a r e r  in  th e  l a t t e r .  The r e la t io n s h ip  between th e  
T.G. curve (F ig . l )  and th e  D.T.G. curve (F ig . 2) i s  summarised in  Table 1 .
i
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TABLE 1
FEATURE
.
INFERENCE T.G. curve
(F ig . 1)
D.T.G. curve 
(F ig . 2)
dw
dt
d2w
d t2
co n stan t A  ^
w eight A^
A3
s ta b le
i>
compounds
PLATEAUX curve along 
T .a x is
0
u
t t
0
t*
w eight 1 re a c tio n CURVED PEAKS 0
i
i
ll*M^ 0  
— *'■ —  '
B eing P2
f
> ta k in g PORTIONS t l I t
l o s t  P^ J p lace t l t l
r a t e  of 
lo s s  a t  Cg 
a maximum C^
>
] max. r a t e  
V
j of re a c tio n
.......
INFLECTIONS
....... 1
PEAK
MAXIM
MAX.
t i
0
r a te  of w t.
Blo s s  a t a minimum INFLECTION TROUGH MIN. 0
minimum hut re a c t io n  r a te (ahove 9? a x is ) f . 0
not zero
’
I n f le c t io n s  o f th e  type a t  B on th e  T.G* curve appear e i th e r  as tro u g h s , or 
as shou lders  on th e  D.T.G. curve depending on th e  ex ten t of overlap  o f th e  
two consecu tive  r e a c t io n s .  Care should he taken  to  ensure th a t  th i s  
in f l e c t io n  i s  no t due to  v a r ia t io n s  in  th e  h e a tin g  r a te  o r any o th e r  
ex traneous f a c to r .  An independent tem peratu re  check and r e p e t i t io n  o f th e
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run  would ensure th e  r e a l i t y  of th e  in f l e c t io n  o r any o th e r fe a tu re  o f th e  
cu rve .
1 .1 .4 a  In fo rm ation  ob ta ined  from T.G.A.
There a re  th re e  h a s ic  ways in  which T.G.A. d a ta  has been
12u t i l i s e d .  The f i r s t  i s  exem plified  by the  work of Duval on th e
s u i t a b i l i t y  of v a rio u s  p r e c ip i ta te s  as weighing forms fo r  some seven ty
elem ents. This invo lved  h e a tin g  the  wet p r e c ip i ta te  and observ ing  th e
p la te au x  corresponding  to  th e  s ta b le  s tag es  in  th e  d ry in g  and decom position
of th e  sample. I t  was argued th a t  any tem peratu re  on a p la te a u  would be a
s u ita b le  d ry in g  tem perature  fo r  th e  a n a ly t ic a l  p r e c ip i t a t e .  I f  no
p la te a u  was observed th a t  p a r t i c u la r  method o f a n a ly s is  was d isca rd e d .
Duval f a i l e d ,  however, to  pay due reg a rd  to  th e  h ig h  h e a tin g  r a te  he used
28and to  th e  i n i t i a l  so lv en t con ten t o f th e  p r e c ip i ta te  . C arefu l 
a t te n t io n  must be p a id  to  th e  c o n d itio n s  employed when in te r p r e t in g  T.G. 
d a ta  from th e  study of a n a ly t ic a l  p r e c ip i t a t e s .  The main use of T.G.A. has 
been in  th e  f i e l d  of A n a ly tic a l Chem istry,
The second example o f th e  use of therm ograv im etric  d a ta  i s  in  
e v a lu a tin g  therm al s t a b i l i t y  and has focussed  a t te n t io n  on a workable 
d e f in i t io n  fo r  a s u i ta b le  s tan d a rd  fo r  d e sc r ib in g  decom position. The 
tem peratu re  a t  which a r e a c t io n  commences in  any p a r t i c u la r  therm obalaace 
run  i s  dependent on many v a r ia b le s ,  of which h e a tin g  r a te  i s  perhaps th e  
most im p o rtan t. This tem peratu re  i s  no t a  t ru e  decom position tem peratu re
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29below which th e  r e a c t io n  r a te  i s  zero nor i s  i t  a  t r a n s i t io n  tem perature  .
In  f a c t  th e re  i s  o f te n  l i t t l e  c o r r e la t io n  between d a ta  from iso th erm al
runs and non-iso therm al r u n s ^ .  Newkirk‘S  argues th a t  knowledge o f t h i s
tem peratu re  i s  u s e fu l and th e  term  p ro cedu ra l decom position tem perature  
32employed by Doyle in  h is  polymer s tu d ie s  s t r e s s e s  th e  dependance o f th i s
33tem perature  on th e  p ow erfu lly  i n f l u e n t i a l  p ro ced u ra l d e ta i ls*  P e llo n  
in  h is  study  on th e  s t a b i l i t y  of p h osphorus-con ta in ing  polymers uses a  
tem peratu re  T^q -  a  tem peratu re  a t  which the  cum ulative weight change 
reach es  IQffo -  as a means of d e f in in g  therm al s t a b i l i t y .  A comparison 
o f decom position tem peratu res  has o f te n  le d  to  co n tro v ersy  due to  a  la ck  
o f a p p re c ia tio n  th a t  th e  value  i s  a  fu n c tio n  o f method, apparatus and 
p rocedure.
The th i r d  way th a t  in fo rm atio n  from T.G.A. d a ta  i s  used i s  in  th e  
d e ta i le d  ev a lu a tio n  o f decom position ro u te s  and k in e t ic s  of in o rg an ic  
compounds, w ith  the  aim of o b ta in in g  in fo rm atio n  on th e  mechanism of th e  
r e a c t io n s .  I f  th e  T.G. curve i s  p lo t te d  u s in g  e i th e r  method A (.4) o r 
4 ) (p-1 4 ) f o r  th e  weight a x is ,  th e  m olecular w eight of th e  s ta b le  
compounds and o f the  m a te r ia ls  evolved in  each s te p  can r e a d i ly  be 
determ ined.
The m olecu lar w eights corresponding  to  in f le c t io n s
dw = min. bu t no t 0) g ive some in d ic a t io n  o f th e  n a tu re  o f any
in te rm e d ia te  compounds and thus o f th e  consecu tive  re a c t io n s  ta k in g  p la c e .
dwThe p o s i t io n  o f such in f le c t io n s  above the  —  = 0 ax is  i s  a measure o f th e
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s t a b i l i t y  o f th e  in te rm e d ia te s . Experim ents a t  slow er r a te s  o f h e a tin g  
sometimes give a  p la te a u  in  p lace  o f an in f l e c t io n .
T.G.A. alone i s  in s u f f ic ie n t  to  g ive a l l  th e  in fo rm atio n  re q u ire d  
fo r  a d e ta i le d  ev a lu a tio n  o f th e  decom position ro u te  and should be taken  in  
con junction  w ith  o th e r  a p p ro p ria te  tech n iq u es  (v id e  i n f r a  p . 2 1 ).
T.G.A. has found many a p p lic a tio n s  to  im portan t f i e ld s  in  in d u s try
and re se a rc h  -  as i s  ev iden t from th e  la rg e  volume o f l i t e r a t u r e  now
• 34appearing  .
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1 .2 .  Use of T.G.A. in  In o rg an ic  Chem istry
1 .2 ,1 .  In tro d u c tio n
In fo rm ation  gained from T.G.A. becomes more m eaningful oan 
r e a d i ly  be extended by th e  use o f th e  fo llo w in g  tech n iq u es :
( i )  Exam ination of s o l id  re s id u e s
From a p re lim in a ry  T*G.A. ru n  on an in o rg an ic  compound i t  i s  c le a r  
th a t  p la teau x  on th e  T.G. curve w i l l  correspond to  s ta b le  in te rm e d ia te s  and 
in f l e c t io n s  suggest th e  ex is ten ce  of o v erlapp ing  re a c t io n s .  From a 
knowledge o f th e  w eight of e i th e r  th e  s t a r t i n g  m a te r ia l  o r r e s id u a l  s o l id ,  
to g e th e r  w ith  i t s  m olecu lar w eigh t, th e  m olecu lar w eight of any in te rm e d ia te  
can be c a lc u la te d . The fo rm u la tio n  o f th e se  compounds can be confirm ed by 
one o r more of th e  fo llow ing  methods:
(a )  D irec t chem ical a n a ly s is .
(b) Use o f in f r a r e d  sp ec tro scopy , X -ray d i f f r a c t io n ,  e le c tro n  
d i f f r a c t io n ,  m agnetic measurements or u l t r a v io l e t  re f le c ta n c e  s p e c tra .
(c )  I f  th e  s o l id  i s  so lu b le , s u i ta b le  s o lu tio n  measurements may be 
made, e .g . c o n d u c tiv ity , u l t r a v io le t  a b so rp tio n  s p e c tra .
An example o f t h i s  type of approach i s  p rov ided  by the  work on 
chromium( ;Q l) phosphate and chromiumCtT-T) a rse n a te  •
( i i )  D if f e r e n t ia l  Thermal A nalysis
The use o f T.G.A, to g e th e r  w ith  D.T.A. p e rm its  a  s tudy  o f a l l  the  
phenomena given  in  Table 2.
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TABLE 2
Phenomena s tu d ied  by D.T0A. and T.G.A,
PHENOMENA THEBMAL EFFECTS CHANGES IN WEIGHT
ENDO EXO GAIN LOSS
ad-and ab so rp tio n 1 1
d eso rp tio n 1 1
dehydration  or
d eso lv a tio n 1 1
c r y s ta l l in e  t r a n s i t io n s 1
fu s io n 1
v a p o risa tio n 1 1
su b lim ation 1 1
decom position 1 1 1
o x id a tiv e  deg rad a tio n 1 1
s o l id - s t a t e  re a c tio n s 1 1 t  *
s o lid -g a s  re a c tio n s 1 1 1
___ ______ _____ i
N otes,
( i )  The therm al e f f e c t s  a re  w ith  re sp e c t to  in c re a s in g  tem peratu re  
w ith  tim e •
* ( i i )  Some s o l id  s t a t e  re a c tio n s  p roceed  w ith  weight lo s s ,  
e .g .  A(s )+ B( a ) »C(a)+ D(g)
b u t o th e rs  show no w eight change, e .g .  A/
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Exam ination of a m a te r ia l by bo th  techn iques perm its  c r y s ta l l in e  t r a n s i t io n s ,
second-o rder t r a n s i t io n s ,  m eltin g  and s o l id - s o l id  re a c tio n s  o ccu rrin g
w ithout weight change to  be d e tec te d  as w ell as re a c tio n s  in v o lv in g  weight
lo s s  o r g a in . I t  must be bo m a in  mind th a t  th e re  are  d i f f i c u l t i e s  in
c o r r e la t in g  T.G.A. and D.T.A. curves p a r t i c u la r ly  i f  th e  two procedures are
perform ed se p a ra te ly  under d i f f e r e n t  co n d itio n s . What i s  common p ra c t ic e
in  T.G.A. i s  no t n e c e s s a r i ly  so fo r  D.T.A. N ev erth e le ss  a  q u a l i ta t iv e
37r e la t io n s h ip  can be ob ta ined  and th i s  i s  o f te n  o f g re a t value .
( i i i )  Gas a n a ly s is
A nalysis of th e  gases evolved during  a r e a c t io n  g ives d e f in i te
con firm ation  of th e  re a c tio n  ta k in g  p la c e . Two p o s s ib le  methods o f
an a ly s in g  the  e f f lu e n t  gas are  a v a i la b le I
(a ) Continuous m onito ring  method -  u s in g  a gas d e n s ity  balance
o r o th e r s u i ta b le  d e te c to r .
o r (*) a d iscon tinuous method -  in  which the  evolved gases are
condensed in  a l iq u id  a i r  t ra p  o r in  an o th er low tem peratu re  tra p s
fo llow ed by a n a ly s is  when th e  r e a c t io n  i s  completed by gas chrom atography,
mass spectroscopy  o r chem ical methods.
P o ss ib le  decom position of th e  evolved gas or gases in to  sm alle r
fragm ents, c a ta ly se d  on th e  w a lls  of th e  r e a c t io n  chamber b e fo re  th e
gases a re  trap p ed  o r passed  through a re c o rd in g  mechanism must be consid ered .
1 .2 .2 .  C la s s if ic a t io n s  o f re a c tio n s
In  a  re c e n t review ? papers appearing  in  th e  f i e l d  of in o rg an ic
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chem istry  were subdiv ided  on th e  b a s is  of th e  anions o f th e  compounds 
s tu d ie d . I t  i s  germane however to  t h i s  p re sen t work, to  d iscu ss  th i s  
f i e l d  by p ick in g  out types o f re a c tio n s  th a t  have been s tu d ie d  w ith  a b ia s  
to  those  papers re le v a n t to  k in e t i c s .
The fo llow ing  f iv e  types o f re a c tio n s  in  in o rg an ic  chem istry  have 
been s tu d ie d  by T.G.A.
1) A/ \ •"■■■) B/ \( s )  ( s ) + C(g)
2) A(s )  + B(s )  — *■ °(s) + E(g)
3) \ b ) + B(g) C(0 ) + B(g)
4) A(s )  - »  A(g)
5) V )  - *  \ s )
Reactions of Type 1 ^(s) — * ^(s) + ^(g)
This type  of r e a c tio n  has been s tu d ie d  in  th e  g r e a te s t  d e t a i l  as i t  i s  
sim ple and a p p a ren tly  s t r a ig h t  fo rw ard . The re a c t io n s  which come in to  t h i s  
ca teg o ry  ares
/ .  \  38d ehydration  re a c tio n s s  e .g .  CaCgO^HgO — * CaC^O^ + HgO
( i i )  re a c tio n s  in v o lv in g  the  lo s s  o f th e  elem ents of w a ter:
e.g. Mg(OH)2 —» MgO + H20 39
( i i i )  deg rad a tio n  re a c t io n s :
7e .g .  CaCO  ^ "■ '■ ^ CaO + CO^
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( iv )  th e  lo s s  of lig an d s  from complex compounds:
e .g .  C r(en)^Cl^ —^ J^Ch^en^Clgl! + en^
where en -  e thy lened iam ine .
A few examples a re  given below
( i )  Hexa-aquo chromium(lIX) a rse n a te  was s tu d ie d  by Lukaszewski and 
H edfem  who ev a lu a ted , by th e  method o f Freeman and C a rro ll , th e  k in e t ic s  
o f th e  f iv e  s tag es  o f w ater lo s s  and o f th e  f in a ld e g ra d a tio n  of th e  
chromium a rsen a te  to  th e  ox id e \
2°rAs°4(s ) — » Cr203(g) + i s 205(g)
Using in f r a r e d  and m agnetic measurements to  examine th e  re s id u e s  a t
v a rio u s  s tag es  in  th e  decom position, i t  was p o s s ib le , ta k in g  a l l  th re e
techn iques in  co n ju n c tio n , to  propose a  mechanism fo r  the  e n try  o f th e
a rsen a te  anion in to  th e  co o rd in a tio n -sp h ere  of th e  chromium atom. A s im ila r
approach was used by th e se  workers in  t h e i r  s tudy  o f hexa-aquo chrom ium (lll) 
35phosphate .
( i i )  The k in e t ic s  of th e  dehydra tion  re a c tio n s  o f 12-heteropolytimgstake'S 
and t h e i r  e th e r  a d d itio n  com pounds^, 12 -tungsto  c u p r ic ( l l )  a c i d ^  and 
12-tungstom anganic( IT) a c i d ^  have been s tu d ie d  by Brown u s in g  th e  Freeman
*30
and C a rro ll approach •
( i i i )  Bear and W endlandt^  s tu d ie d  th e  decom position o f t r i s e th y le n e -  
diamine and tris(l,2 -p ro p y len ed iam in e)ch ro m iu m ( IU )  c h lo rid e  and th io cy an a te  
complexes. They fo llow ed th e  k in e t io s  o f th e  dehydra tion  and th e  lo s s  of
th e  f i r s t  lig an d  m olecule in  re a c t io n s  o f th e  ty p e :
Cr(L)3 j Cl xH20
|C r(L ). I Cl.
— 4  I C r(L ), \ C l, + xHo0 L 3 j 3 2
j Cr(L)2Cl2 | Cl + L
where L = ethylenediam ine o r 1 ,2~propylenediam ine.
Small q u a n t i t ie s  of added ammonium s a l t s  were known to  c a ta ly s e  the 
decom position r e a c t i o n s ,a  f a c t  borne out by low ered a c t iv a t io n  e n e rg ie s  
ob ta ined  by th e se  w orkers. In  th i s  case D.T.A. was used as a  complementary 
p rocedu re . Chong^ s tu d ie d  a s im ila r  s e r ie s  of complexes, in  p a r t ic u la r  
th e  phosphates and a rse n a te s  of th e  jcr(L) 3 | c a tio n , and experim ents were 
perform ed on the  in te rm e d ia te  which had th e  em p irica l com position 
I^Cr(en)2l50^ | . I t  was suggested  th a t  t h i s  in te rm e d ia te  was not a sim ple 
n e u tra l  sp ec ie s  b u t o f a polym eric n a tu re .
( iv )  Van T asse l and W endlandt^ determ ined th e  k in e t ic s ,  by th e  
Freeman and C a rro ll method f o f th e  therm al decom position of th e  thorium  
and uranium (Vl) 8 -q u in o lin o l c h e la te s .  From th i s  and independent s tu d ie s  
on th e  h e a ts  o f s o lv a tio n  th ey  proposed a decom position mechanism.
(v ) The decom position o f magnesium hydroxide was s tu d ie d
39th e rm o g rav im e trica lly  by Turner, Hoffman and Chen , They showed th a t  
th e  a c t iv a t io n  energy f o r  th e  decom position of n a tu ra lly -o c c u r r in g  magnesium 
hydroxide f b rucite^w as 5 k .ca l/m o le  g re a te r  th an  f o r  p r e c ip i ta te d  magnesium 
hydroxide . They a t t r ib u te d  t h i s  to  th e  d if fe re n c e  in  th e  energy le v e ls  of the
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two p re p a ra tio n s  and th e re fo re  a  d if fe re n c e  in  t h e i r  apparent s o l u b i l i t i e s .
As t h e i r  va lue  o f th e  a c t iv a t io n  energy was so d i f f e r e n t  from o th e r  quoted
v a lues i t  i s  d i f f i c u l t  to  j u s t i f y  t h e i r  co n c lu s io n s .
R eactions o f type 2
A/ s + B/ \ C/ \ + D/ \( s )  ( s )  ( s )  (g)
An example o f t h i s  type  o f r e a c t io n  i s  p rov ided  by th e  calcium
37c a r b o n a te - s i l ic a  system  s tu d ied  by W ilburn and Thomasson • I t  was shown 
by D.T.A. and T.G.A. th a t  a re a c t io n  o f type 1 occurs below 1000°C, namely 
th e  normal decom position o f calcium  carb o n ate , b u t th a t  a t  h ig h e r tem peratures 
v a rio u s  re a c tio n s  tak e  p lace  which can be c l a s s i f i e d  under t h i s  head ing .
The same au tho rs  have a lso  in v e s t ig a te d  th e  sodium c a r b o n a te - s i l ic a  
s y s te m ^ .
D u v a l^  and h is  coworkers^® have s tu d ie d  th e  re a c t io n s  o f magnesium 
pyrophosphate w ith  s tro n tiu m  ox ide , and w ith  magnesium h ydrox ide5 th e  
r e a c t io n  o f barium  su lp h a te  and potassium  permanganate, and o f  potassium  
c h lo ra te  w ith  manganese d iox ide  u s in g  in f r a r e d  spec tro scopy  in  co n ju n ctio n  
w ith  T.G.A.
R eactions o f  type  3
A( s )  + B(g)
0 r A(s )  + B(g )
’(a )  + “ (g)
'( s )
3a
3h
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49The ro a s t in g  of p r e c ip i ta te d  copper su lph ide  '  i n  a continuous a i r  stream , 
which was c a r r ie d  out a t  th re e  d i f f e r e n t  r a te s  of h ea tin g , p ro v ides an example 
o f re a c t io n  3a, O ther examples of r e a c t io n  3a a re  p rovided  by th e  therm al 
s t a b i l i t y  s tud ieS ^of d i f f e r e n t  oxides o f uranium  in  atm ospheres o f oxygen 
and hydrogen and th e  o x id a tiv e  d eg rad a tio n  re a c t io n s  of chromium t r i s -  
propylenediam ine com plexes^s
a i r
2 |C r(pn)^jC l^  -----> ^r 2^3 + v° l at i l e s
The o x id a tio n  o f ammonium and a lk a l i  m etal te tra p h e n y lb o ra te s  s tu d ie d  by 
51Wendlandt i s  a lso  an example o f th i s  type of r e a c t io n .  From th i s  s tudy  a
l in e a r  r e la t io n s h ip  between th e  r a d i i  o f th e  a lk a l i  m etal ions and the
tem peratu re  a t  which decom position commenced was o b ta in ed .
Markowitz and B oryta in v e s t ig a te d  c e r ta in  m eta l-gas re a c tio n s  which a re
52 53examples o f re a c tio n s  o f type 3"b th e  r e a c t io n  o f li th iu m  , aluminium
5 3
and magnesium w ith  wet and dry  a i r ,  argon, oxygen, n itro g e n  and carbon 
d io x id e .
R eactions of type 4 -  sub lim ations ---- * -^(g)
L i t t l e  work appears to  have been done on t h i s  type o f r e a c t io n  a lthough  
54Taimni and Rakshpal ^ have shown th a t  th e  se le n id e s  As0Se._, Re^Se,, and2 5 2 {
HgSe sublim e.
R eactions o f type 5 -  v o l a t i l i s a t i o n s  -*‘“■9 \ g )
T.G.A. on in o rg an ic  l iq u id s  i s  com paratively  r a r e .  N ew kirk^  has 
re p o rte d  th e  v o l a t i l i s a t i o n  o f w ater and dem onstrated  th e  e f f e c t  o f r e a c t io n
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o 5*5tim e from th e  fa c t  th a t  th e  weight lo s s  was completed a t  122 Cl Doyle has 
s tu d ie d  th e  v o l a t i l i s a t i o n  of o c tam eth y lcy c lo te tra silo x an e . and c a lc u la te d  an 
average h ea t o f v a p o risa tio n  o f 11 .6 5  k  c a l./m o le  over th e  tem peratu re  range 
SO-145°C.
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1.3* Reasons fo r  u n d ertak in g  the p re sen t work
( i )  In  th e  course o f p rev ious w o rk ^  and p re lim in a ry  s tu d ie s , th e  
need to  ev a lu a te  k in e t ic  param eters a c c u ra te ly  became ap p aren t. The 
e x is t in g  methods were c r i t i c a l l y  examined, p a r t i c u la r ly  th a t  of Freeman 
and C a rro ll , and i t  was found th a t  fo r  v a rio u s  reasons th ey  seemed to  be 
inadequate  fo r  th e  p re sen t work. A ccordingly  an attem pt was made to  
develop a workable approach which would y ie ld  rep ro d u c ib le  and r e l i a b le  
k in e t ic  param eters .
( i i )  The de term in a tio n  of k in e t ic  param eters was a ttem pted  by a 
non ^ Iso therm al method u s in g  T .G .A ., as t h i s  method has c e r ta in  advantages 
over conven tional iso th e rm a l k in e t ic  methods.
( i i i )  I t  was apparent th a t  the  impact of p ro ced u ra l f a c to r s  on the  
decom position p a t te rn ,  and p a r t i c u la r ly  on th e  k in e t ic s  of decom position 
re a c t io n s , had been l i t t l e  s tu d ie d  and s t i l l  le s s  un d ers to o d . An attem pt 
was made to  determ ine th e  e f f e c t  o f such fa c to r s  on th e  k in e t ic  p a ram ete rs .
( iv )  E a r l ie r  w o rk ^  had confirm ed th a t  th e  ch rom ium (in ) 
tr ise th y le n ed ia m in e  complexes decomposed on h e a tin g  to  g ive s ta b le  
in te rm ed ia te  compounds e .g .
|C r(en)^ |C1^ -"-—5 j C h ^ en ^ C ^  j Cl + en
56P f e i f f e r  and coworkers had shown th a t  th e  c h lo r id e  on h e a tin g  gave 
the  c is  in te rm e d ia te  and th e  th io c y sn a te  y ie ld e d  the  tra n s  compound.
Bear and Wendlandt^ determ ined the  a c t iv a t io n  en erg ies  of th e  two re a c tio n s  
by th e  method of Freeman and C a r ro ll • The a c t iv a t io n  en e rg ie s  were
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s u b s ta n t ia l ly  d i f f e r e n t  and i t  seemed p o s s ib le  th a t  knowledge o f the  
a c t iv a t io n  energy fo r  a s im ila r  type of re a c t io n  might in d ic a te  c i s ,  t r a n s  
or polymer fo rm ation . Our work on th e  phosphate in d ic a te d  th e  fo rm ation  
of th e  sp ec ie s  1 C r(en )2 ^ ^ 1° ^  was hoped th a t  th e  k in e t ic  param eters
would in d ic a te  the  mechanism o f th e  r e a c t io n .  A ccurate and rep ro d u c ib le  
param eters would be re q u ire d .
(v) Unpublished work by Marks and R edfem  on amine c h lo ro p la t in a te s
in d ic a te d  th e  fo llo w in g  decom position ro u te :
-C l0 NIL Cl2 3 x  X
( H H j '.P t  C l. i  —4  P t  » P t .     (A)
4 1 - 5 J -2HC1 >TTT X Cl
57V a lle t suggested :
-2Clp
(HH4 ) 2 j P t Clg I ------=* P t + 2HH4CI  > P t .    (B)
Route A was in d ic a te d  from in f r a r e d  s tu d ie s  and independent h e a tin g  
experim ents. D eterm ination o f th e  k in e t ic  param eters f o r  th e  second s tag e  of 
th e  re a c t io n  would confirm  which of the two ro u te s  i s  th e  c o rre c t  one. I f  
th e se  param eters were id e n t ic a l  to  those  o f ammonium c h lo r id e , ro u te  B would 
be in d ic a te d  ; but i f  the  v a lu es  ob ta ined  d if f e r e d  co n s id e rab ly  from th o se  
o f ammonium c h lo r id e , ro u te  A would seem more l ik e ly .
-  32 -
1 .4 .  Iso th erm al k in e t ic  s tu d ie s
Before d iscu ss in g  th e  d e te rm in a tio n  o f k in e t ic  param eters from 
therm ogravim etric  d a ta  ( i . e .  n o n -iso th erm al k in e t ic s )  th e  th e o ry  o f 
iso th erm al k in e t ic s  ( v iz .  determ ined a t  co n stan t tem p era tu re) w i l l  be 
o u tlin e d  •
(a )  From n u c le a tio n  s tu d ie s .
(b) From o x id a tio n  s tu d ie s .
271.4«1» Iso th erm al k in e t ic  equations from n u c le a tio n  s tu d ie s
In  th e se  s tu d ie s  th e  s o l id  i s  considered  as c o n ta in in g  c e r ta in  
s i t e s  caused by l a t t i c e  d e fe c ts , d is lo c a tio n s  e tc .  a t  which th e  f r e e  energy 
re q u ire d  f o r  th e  re a c t io n  to  tak e  p lace  i s  a  minimum. Changes in  th e
lo c a l  energy o f th e  c r y s ta l  p rov ide  th e  energy f o r  th e  i n i t i a t i o n  o f th e
re a c t io n  a t th e se  s i t e s .  E ith e r  th e  r a t e  of nucleus fo rm ation  or th e  r a t e  
o f growth of th e  n u c le i  can be the  r a t e  determ in ing  s te p s .
The r a te  o f nucleus fo rm ation  can be expressed  i n  a number of
ways e.g.
( i )  An ex p o n en tia l law . ^  = V N e~kl^
at 1 0
( i i )  A l in e a r  law . ^  = k. H .
at 1 0
( i i i )  In stan tan eo u s n u c le a tio n . N = H .o
( iv )  A power law . . ^  = D g t   ^*"'L
d t
where N = number o f n u c le i a t  tim e t .
number o f p o te n t ia l  n u c le i-fo rm in g  s i t e s .
k^= r a te  co n stan t fo r  nucleus fo rm ation .
P = an in te g e r ,  can be e i th e r  2 o r  3 *
D = a c o n s ta n t.
These laws of nucleus fo rm ation  to g e th e r  w ith  ex p ressions fo r  the  
growth o f th e  n u c le i le ad  to  s p e c if ic  equations f o r  the  o v e ra l l  k in e t ic s  of 
a p a r t ic u la r  s o l id  decom position. Some examples a re  given below.
1. N uclea tion  accord ing  to  a power law-normal growth
The e f f e c t  o f p o ss ib le  overlap  of growing n u c le i i s  no t considered  in  
normal growth. Equation 1 .4 .1 . f i t s  th e se  co n d itio n s
a = o' • • .  1 . 4 . 1 -
where a = f r a c t io n  o f r e a c ta n t  decomposed a t  time t .  
c '=  a co n sta n t.
t f= a co n stan t equal to  th e  tim e between th e  s t a r t  o f the  
r e a c t io n  and th e  onset of normal growth, 
n = an in te g e r .
2 . B ranching n u c le i - no in te r fe re n c e  during  growth
Since th e  form ation  o f a d d itio n a l n u c le i by a chain  mechanism in to  
th e  c r y s ta l  i s  a much more im portan t p ro cess  th an  the  fo rm ation  of f r e s h  
n u c le i ,  th e  i n i t i a l  n u c le a tio n  law assumed i s  r e l a t i v e l y  u n im portan t.
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Equation 1 .4*2 . can be derived for linear, exponential and instantaneous
rates of nuclei formation.
t kt 1 A oor — £ e . . .  ±.4 .^.
where k = the constant branching coefficient.
3. Branching n u c le i -  w ith  in te r fe re n c e  during  growth
P rout and Tompkins have shown th a t  equations 1*4.3• and 1.4.4* f i t
58 59their results for potassium and silver permanganate 7 respectively:
log —.2  = k t  + c . . .  1.4*3*
1- a
log — = k !log t + c . . .  1.4*4*
1-  a
4* Rapid n u c le a tio n  -  fo llow ed by ra p id  su rface  growth
The surface becomes coated rapidly with a layer of product and thus 
the rate of decomposition is governed by the progress of the interface 
through the solid.
(a) Nucleation on certain faces e.g. the edges of a disc or the edges 
of a rectangular plate followed by two-dimensional progress of the interface 
through the solid. Equation 1.4.5* bus been shown to hold:
2
. . .  1.4*5*
a
where = rabe constant a = a constant geometric factor.
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(b ) N uclea tion  on a l l  fa c e s , e .g .  su rface  of a sphere o r cube, 
follow ed by th ree -d im en sio n a l growth.
f  1 -  ^ o t  ^ sEquation 1 .4 .6 .  ho lds a -  1 -  { ... c J * . • 1 ,4*6 .
a
5* Rapid n u c le a tio n  -  normal growth
a _ A ( k2* ! 3 _ 1  ( \
a - 2 I S ~  -\f, -s-   ( 4 \ a  l 6 a  /  « . . 1 . 4 *7 *
6 . N u c lea tion  by an ex p o n en tia l law -  fo llow ed  by tw o-dim ensional ra p id  
su rface  growth
1- a  = K e '  irl t 2 . . .  1 . 4 , 8 .
7 . N uclea tion  by an ex p o n en tia l law -  normal su rface  growth
a = k t n . . .  1*4,9*
Equation 1 ,4 .9*  bas been shown to  apply^to  th e  in d u c tio n  p e rio d  of 
the  r e a c t io n  ( i . e .  th e  i n i t i a l  s ta g e s ) .  Values of n equal to  2, 3 and 4 
have been reco rd ed .
8 . In g e s tio n  o f nucleus form ing s i t e s  -  overlap  of growing n u c le i
C erta in  s i t e s  become in co rp o ra ted  in  o th e r  growing n u c le i be fo re
t h e i r  tu rn  comes to  be a c t iv e .  They a re  c a l le d  phantom n u c le i .
Equations of th e  form
i 3 *a = 1-  exp < k t ) . . .  1*4,10.
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61 62 60have "been suggested  by Avrami , Erofeev and Mampel .
I f  th e  in te r f a c e  between re a c ta n t  and product rem ains in ta c t  du ring  th e  
decay p e rio d  ( i . e .  a t  h igh  a v a lu e s ) , eq u a tio n  1 , 4 *1 0 . should ho ld  bu t i f  
i t  co lla p se s  eq u ation  1 . 4 . 11 . i s  a p p lic a b le , 
da * \
—  = k(l-a) # . . 1.4 .11.
dt
/T ^
1 .4 .2. Isothermal kinetic equations from oxidation studies
Another approach to  iso th erm al in v e s t ig a t io n s  has been in  m etal o x id a tio i 
s tu d ie s , which may be exp lained  in  term s of d if fu s io n  of th e  oxygen to  th e  
m etal s u rfa c e . The o x id a tio n  of m eta ls fo llo w s d i f f e r e n t  ra te - la w s  
depending upon th e  m eta l, the  n a tu re , an d /o r sem i-conducting p ro p e r t ie s  of 
th e  oxide formed. The fo llow ing  g en era l equation  i s  em ployed^.
Xn = k . . .  1.4 .12.
d t
where x is the thickness of the oxide layer at time t. 
k = rate constant.
n = a co n stan t having v a lu es  0 , 1 , o r 2 f o r  l in e a r ,  p a ra b o lic  
and cubic r a te  laws re s p e c tiv e ly .
When a la y e r  of oxide i s  formed on th e  m etal i t  can be e i th e r  p ro te c t iv e  
o r n o m -p ro tec tiv e . A n o n -p ro te c tiv e  la y e r  does n o t in te r f e r e  w ith  th e  
continued  access of oxygen to  th e  m e ta l. I t s  th ic k n e ss  x does not 
in f lu e n c e  th e  r a te  o f growth, which i s  expressed  by th e  l in e a r  r e l a t io n ;  
dx-£jT = k i . e .  n = 0 in  equation  1 . 4 . 12 .
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A p ro te c t iv e  oxide la y e r  r e s t r i c t s  th e  access o f oxygen to  th e  m etal 
and p a rab o lic  and cubic ra te - la w s  have been shown to  h o ld  ( i . e .  n  = 1 o r 2) .
1 .4 .3 .  C o rre la tio n  o f n u c le a tio n  and o x id a tio n  equations
Equation 1 .4 .1 3 . can be shown to  be id e n t ic a l  to  some o f th e  
equations in  so ,c tions 1 . 4 *1 . and 1 . 4 . 2 .
to t r-i££  « k ( l - a ) . . . 1 . 4 . 1 3 .
( i )  E quations from se c tio n  1 .4 .1 .
(a )  when n  = 1
Equation 1 .4 .1 3 . becomes = k ( l - a ) i . e .  id e n t ic a l  to  eq u atio n
1 .4 * 1 1 .
d a
or (Y laJ = "k w^ -c 1^ w^ en in te g ra te d  becomes
( l - a )  = c e i . e .  id e n t ic a l  to  eq u ation  1 . 4 . 8 .
(b) when n-^rl
Equation 1 .4 .1 3 . can be rea rran g ed  and in te g ra te d  to  g iv e : 
1-n
o r a -  1-  Jl-K tj l “n  where K = k ( l - n )
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-  2
when n  = -g-, a = 1-  jl-K t \ i . e .  id e n t ic a l  to  equation  1 «4 *5 «
n = —, a = 1- t l - K t j  i . e .  id e n t ic a l  to  eq u ation  1 , 4 . 6 .
n = 0 , a = - ( l i n e a r  k in e t ic s  -  eq u ation  1 . 4 . 1 2 , n=0 )
( i i )  Equations from se c tio n  1 .4 .2 .
The th ic k n e ss  o f th e  oxide la y e r  x i s  p ro p o r tio n a l to  ( l - a )  
and th u s  v a lu es  of n  in  eq u a tio n  1 . 4 . 1 3 . equal to  0 , -1  and -2  re p re se n t 
l in e a r ,  parabo lic- and cubic r a t e  law s, ( c f  eq u a tio n  1 . 4 . 12 ) .
A -value of n  = 0 in  equation  1 .4 .1 3 . can th e re fo re  im ply a l in e a r  
r a te  law o r , from th e  n u c le a tio n  approach, com pletely  random n u c le a tio n  
such th a t  th e  r a t e  o f the  re a c t io n  i s  independent of th e  amount of re a c ta n t  
e .g .  v o l a t i l i s a t i o n  o f a  l iq u id  o r sub lim atio n  of a  s o l id .
Although the  exp ress io n  1.4 .13* does n o t cover a l l  p o s s ib le  mechanisms 
i t  can be considered  as a g en era l ex p ress io n  o f  iso th e rm a l k in e t ic  
equations and v a lu es  o f th e  param eter n  can have a r e a l  meaning. In  cases 
where equation  1 . 4 . 13* does no t re p re se n t th e  mechanism, n can be 
considered  as a m athem atical param eter and eq u atio n  1 . 4 . 13 * becomes a  good 
approxim ation to  th e  a c tu a l r a t e  e x p re ss io n . I t  i s  w ish fu l th in k in g  to  
expect one eq u atio n  to  ho ld  f o r  th e  p e rio d  o f n u c le i  fo rm ation , th e  main 
p a r t  o f th e  r e a c t io n  and th e  decay p e rio d  b u t eq u atio n  1 *4 . 1 3 . i s  th e  most 
w idely  a p p lic ab le  o f e x is t in g  r a t e  ex p re ss io n s .
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1 .4.4-. S ig n ific an ce  o f th e  energy term
The A rrhenius exp ression  1.4*14* r e l a t e s  th e  r a t e  c o n sta n ts  k 
ob tained  a t v a rio u s  ab so lu te  tem peratu res  T.
k = A e“ ^  . . . 1.4.14.
where A = p re -ex p o n en tia l factor.
R = gas c o n s ta n t.
E = energy term .
E can be determ ined from p lo ts  o f In  k a g a in s t — which should , i f
Eeq u ation  1 . 4*14• holds, be s t r a ig h t  l in e s  of s lope  -
In  k in e t ic  s tu d ie s  in  th e  gaseous and l iq u id  s t a t e s  th e  o rd e r o f 
re a c tio n  n , a c t iv a t io n  energy E and p re -e x p o n en tia l f a c to r  A can be r e la te d  
to  c o l l i s io n s  o f m olecules bu t in  th e  s o l id  s t a t e ,  where th e  atoms a re  
v ib ra t in g , use of th e  same term s may be m islead in g .
E can be defin ed  as th e  average excess energy a r e a c ta n t  m olecule 
must have in  o rder to  r e a c t .  One can imagine th e  m olecule re c e iv in g  th i s  
energy from c o l l i s io n s  and from the  therm al energy o f th e  system . In  the 
s o l id  s ta t e  th e  energy could be ob ta in ed  from th e  v ib ra t io n  of th e  
m olecule in  the  l a t t i c e ,  which would a t a  c e r ta in  tem peratu re  prov ide 
s u f f ic ie n t  energy a t a p a r t i c u la r  p o in t on th e  l a t t i c e  so th a t  th e  r e a c t io n  
ta k es  p la c e . This re a c t io n  would ta k e  p lace  p r e f e r e n t i a l ly  a t  c e r ta in  
s i t e s  where th e  l e a s t  amount o f energy i s  re q u ire d  i . e .  a t  d is lo c a t io n s ,  
l a t t i c e  d e fe c ts  e tc .  The use of th e  ex p ressio n s  energy term , o r tem peratu re
 __________
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c o e f f ic ie n t  of th e  re a c t io n  i s  to  he p re fe r re d  to  a c t iv a t io n  energy  as th e  
l a t t e r  i s  a sso c ia te d  w ith  c o l l i s io n a l  p ro c e sse s .
The energy term  has been r e l a t e d  to  th e  b reak in g  o f chem ical bonds.
65For example Anderson and Freeman , studying polyethylene, attributed an 
activation energy of 67 koalVmole to random rupture of carbon-carbon bonds, 
which had been shown theoretically to require 66.2 koa3,«/mole.
The energy term  r e f e r s  to  th e  ra te -d e te rm in in g  s tep  in  th e  r e a c t io n  
be in g  s tu d ie d . I t  cou ld  r e f e r  to  th e  n u c le i fo rm ation  s te p , th e  growth 
o f n u c le i ,  th e  d if fu s io n  o f a  p a r t i c u la r  io n  in  th e  c r y s ta l  l a t t i c e  to  th e  
s i t e  o f th e  n u c le i ,  th e  p ro g ress  of th e  in te r f a c e  o f re a c ta n t  and p roduct 
through th e  c r y s ta l  o r th e  d if fu s io n  o f the  p roduct gas th rough th e  p roduct 
la y e r .  However when a s e r ie s  of s im ila r  compounds a re  in v e s t ig a te d , which 
might be expected to  have a s im ila r  s t ru c tu re  and a  s im ila r  r a t e — 
determ ining  s te p , a comparison o f energy term s would be expected  to  y ie ld  
v a lu ab le  in fo rm atio n , e .g . a range of complexes w ith  th e  same lig a n d  bu t 
d i f f e r e n t  c e n tr a l  m etal atom. By s u i ta b le  cho ice  o f c o n d itio n s  th e  
p o ss ib le  s tep s  th a t  might be r a t e  c o n tro l l in g  could  be e lim in a ted  e .g .  bu lk  
d if fu s io n  of gaseous product would be reduced to  a  minimum by u s in g  a 
sm all sample spread  evenly  over a f l a t  c ru c ib le .
Thus d e te rm in a tio n  o f th e  energy term  f o r  a  s o l id  s t a t e  r e a c t io n  can 
be o f r e a l  va lue  in  ev en tu a lly  de term in ing  th e  mechanism of a  re a p t io n .
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1.5> The use of T.G.A. in kinetic studies
Before a ttem p tin g  a survey of th e  use of T.G.A. d a ta  in  k in e t ic  
s tu d ie s  i t  i s  re le v a n t to d iscu ss  th e  advantages and d isadvantages of 
n o n -iso th erm al k in e t ic s  over conven tional iso th e rm a l s tu d ie s .
(a )  Advantages
The fo llo w in g  advantages o f u s in g  therm ogravim etric  methods over 
co n v en tional iso th e rm a l methods have been suggested  by v a rio u s  w orkers;
( i )  The p o s s ib i l i t y  o f de term in ing  th e  k in e t ic s  over th e  e n t i r e
*30
tem peratu re  range o f th e  r e a c t io n  .
( i i )  I t  i s  com paratively  easy  to  o b ta in  p re lim in a ry  d a ta  fo r  a 
subsequent more d e ta i le d  k in e t ic  s tu d y ^ .
( i i i )  I t  i s  p o s s ib le  to  e v a lu a te  k in e t ic  param eters from a  
s in g le  run  on one sample, whereas in  iso th e rm a l s tu d ie s  a t l e a s t  s ix  runs are  
re q u ire d  and th e  s ix  samples tak en  might not be id e n t ic a l  in  every re sp e c t 
e .g .  p a r t i c l e  s iz e ,  p re -h is to ry  e tc .
I f  on ly  a  sm all amount o f the  compound i s  a v a ila b le , enough fo r  one
Cn
ru n , T.G.A. could g ive a r e s u l t  .
( iv )  Iso th erm al s tu d ie s  can be perform ed in  one o f two ways,
e i th e r
( l )  The fu rnace  a t  th e  d e s ire d  tem peratu re  T i s  lowered over 
th e  sample -  th i s  has th e  d isadvantage th a t  th e re  i s  a  tim e la g  b e fo re  th e  
tem peratu re  of the  sample reach es  th e  tem perature  o f th e  fu rnace
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or ( 2) The tem peratu re  T i s  reached  u s in g  a ra p id  r a t e  o f h e a tin g  -
t h i s  has th e  d isadvan tage  th a t  co n sid e rab le  decom position may have occurred  
b e fo re  the  tem pera tu re  T i s  reached .
N e ith e r o f th e  above problems a ffe c ts  T.G.A.
00 D isadvantages
N on-iso therm al methods have th e  fo llo w in g  d isadvan tages!
( i )  At th e  lower end of th e  tem peratu re  range of a re a c t io n  low
a v a lu es  a re  always encountered , w h ils t  a t th e  upper end of th e  tem perature  
range h ig h  a va lu es  a re  found.
( i i )  K in e tic  param eters determ ined from T.G.A. d a ta  w il l  be more 
su sc e p tib le  to  p ro ced u ra l f a c to r s  th an  th o se  o b ta ined  from iso th erm al 
s tu d ie s ,  owing to  th e  dynamic n a tu re  o f T.G.A.
1.5*1* H is to ry  o f th e  u se  o f T.G.A. in  k in e t ic  s tu d ie s
Most workers in  th e  f i e l d  o f n o n -iso therm al k in e t ic s  have used 
eq u atio n  1.4*13* in  one form o r ano ther (a lth o u g h  no t a l l  have used  th e  a 
n o ta t io n ) .  They have combined th i s  eq u atio n  w ith  th e  A rrhenius ex p ress io n  
1 . 4 . 1 4 * and th e  co n d itio n s  of l in e a r  tem peratu re  in c re a s e .
The e x is t in g  methods o f o b ta in in g  k in e t ic  param eters from T.G.A. 
d a ta  have been d iv id ed  in to  th re e  groups:
(A) Those based  on an in te g ra t io n  p rocedure.
(» ) Those based  on a d i f f e r e n t i a t io n  p rocedu re .
(C) O ther methods.
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In  th e  i n i t i a l  d isc u ss io n  th e  symbols used  w i l l  be those  of th e  
au th o rs . At th e  end o f t h i s  s e c tio n  th e  equations w i l l  be r e w r it te n  in  
th e  nom enclature used throughout th e  r e s t  o f t h i s  work and an e v a lu a tio n  of 
each method w i l l  be made.
The th re e  b a s ic  equatio n s  used in  one form o r ano ther in  a l l  th e  
fo llo w in g  methods ares
“j ’ = k ( l - a ) n  . .  * 1 , 5 . 1 . id e n t ic a l  to  1 . 4 *13 .
~e / rtk = A e . . .  1 .5 .2 .  id e n t ic a l  to  1.4*14*
dT jand = a . . . 1 . 5 *3 *
where a = h e a tin g  r a t e .  Equation 1.5*3* i s  ob ta ined  by-
d i f f e r e n t i a t io n  of th e  ex p ress io n  T = a t  + b where b = room tem p eratu re .
A .K inetio  methods based  on in te g ra t io n
681 , Van K revelen, Van Heerdon and Hunt.jens
The f i r s t  a ttem pt to  o b ta in  k in e t ic  d a ta  from T.G.A. d a ta  appears to  
have been made by Van K revelen and co-w orkers in  1951* They used  the  r a te  
expressions
-  H  = k F11 . . .  1 .5 .4.d t
where F = f r a c t io n  o f non-decomposed m a te r ia l a t  tim e t ?and th e  A rrhenius 
expressions
k = k0 e 'AA  . . .  1 .5 .5 .
where k 0 = frequency  f a c to r ,  A = E /k, E = a c t iv a t io n  energy and R = gas
c o n s ta n t.
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On combining equations 1,5*3., 1.5*4. an<i 1.5*5* and integrating they
obtained: . ^  ^
I “ -| ~  = e dT . . .  1.5.6.
i r a i
in J o'- 'I
Thus the L.H.S. yielded I- 1 " ^  • . , 1*5*7*
1-n
for all values of n except n=l.
for n«X 1= -log F . . .  1.5*8.e
Since th e  R .H .S. has no t got an ex ac t in te g r a l  they  used  the  
approxim ation:
s &
e~AA  = : e" T - ! ^  —  j* 0.368 ~  j f  . . . 1.5.9.
! m ! m
where Tm= tem p era tu re  o f maximum r a t e  of r e a c t io n
as e’”2' B 1  I  f o r  x -^1. .e x A A -
v  r n ~i t  m'T'* l.* .  eq u ation  1 .5 .6 .  becomes I » —2. ! -=----- ! nr " ■ m 1 .5 .1 0 .
S ' K '  | A + i 'j
\  -
ta k in g  logs o f 1 .5*10,
• -  ^ '
In  I  = In  ^2. 1 % ^  j _ J A  + i  | in  T . . .  1*5*11*a  ; J.*,. • i A . i I ■ » !* - * t t 'J ! s r + l  L m . »
'‘- in  -1
Thus a  graph o f In  I a g a in s t In  T should  he a s t r a ig h t  l in e  f o r  th e  c o rre c t 
va lu e  of n . Van K revelen  and co-w orkers d i f f e r e n t ia te d  between o rd e rs  of 
0, 1 & 2 and showed th a t  th e  f i r s t  s tag e  of th e  p y ro ly s is  o f co a l obeyed 
f i r s t - o r d e r  k in e t ic s r
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69U sing th e  Schlom ilch expansion th ey  c o n stru c te d  s t r a ig h t  l in e  p lo ts  
/iTo f lo g  r — a g a in s t lo g  A and o b ta ined  a l in e  f o r  a p a r t i c u la r  va lue  o f 3L •
111
T was d e fin ed  "as th e  tem peratu re  range re q u ire d  to  reduce th e  r a t e  of
decom position to  h a l f  i t s  va lue  on e i th e r  s id e  o f th e  maximum" o f a D.T.G,
cu rv e . From a  p a r t i c u la r  D.T.G. curve th ey  recorded  Tm and £T and read  o ff
th e  co rresponding  A va lue  from  th e  a p p ro p ria te  s t r a ig h t  l in e ,
70T his method was used by S c h n itz e r  and Hoffman and by Turner and 
71S c h n itz e r  in  s tu d ie s  on s o i l s .
39T urner, Hoffman and Chen extended th e  Van K revelen trea tm en t to  
2accommodate a — o rd er and used  t h e i r  equation  to  e v a lu a te  th e  k in e t ic s  of
magnesium hydroxide decom position.
In  e f f e c t  Van K revelen and co-w orkers used an exp ress io n  of th e  form:
lo g  A = m lo g  ~  + G 
%
where m and c a re  th e  s lope  and in te rc e p t  o f th e  l in e s  they  c o n s tru c te d . 
T urner and co-w orkers d e rived  equations 1,5*12. and 1.5*13* and gave a 
th e o r e t ic a l  j u s t i f i c a t i o n  fo r  th e  equations of th e  type used by Van K revelen
and co-w orkers. For a  f i r s t - o r d e r  re a c t io n  th ey  developed: 
lo g  A = logT  -  lo g  ~  + 0.37 -
and f o r  a  ^ /3  o rd e r:
a m
_  i r t o .  - i - i .  n  o q o p  _  .lo g  A = lo g  Tjjj -  lo g  ^  + 0.2998 -
Tm
1.5*12.
1 ' 35 . . . 1*5*13*
A i s  determ ined by a su ccess iv e  approxim ation tech n iq u e . 
K aesche-K rischer and H einrichT^ used a s im ila r  approach to  Van K revelen in  
t h e i r  work on th e  p y ro ly s is  o f p o ly -v in y l a lco h o l in  vacuo. T he ir
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a c t iv a t io n  e n e rg ie s  were o b ta ined  by a g ra p h ic a l approach u s in g  eq uation
1 .5 .1 1 . and th e  f a c t  th a t  th e  s lo p e  o f the  s t r a ig h t  l in e  i s  equal to
[4~ + 1 3 .  They reco rd ed  T~.., th e  tem peratu re  o f th e  maximum r a t e  « f -‘••m
decom position, and t h e i r  r e s u l t s  show a v a r ia t io n  of a c t iv a t io n  energy w ith  
h e a tin g  r a t e .
732. Horowitz and M etzger1
U sing a somewhat s im ila r  approach to  Van K revelen and co-w orkers, 
Horowitz and M etzger o b ta ined  eq u atio n  1.5.14* f ° r  re a c t io n
aA<r) _ *  a B ( s ) + c C(fe)
f 1 dc Z ! E/E3?
n a s  v- c c u j o
e dT, 1.5*14*
This i s  eq u iv a len t to  eq u atio n  1 .5*6. and i s  ob ta ined  from a 
com bination o f s im ila r  equations to  1.5*1*, 1*5*2. and 1.5*3* A 
s u b s t i tu t io n  method was used in  o rd e r to  e v a lu a te  th e  R.H.S. o f equation
1*5*14*
A tem peratu re  T gwas d e fin ed  as th e  tem perature
when ~  = — and T = T« + G.w0 e 3
.where
c = c o n ce n tra tio n  o f re a c ta n t  a t tim e t .
Z = frequency  f a c to r  of A rrhenius ex p ress io n ,
q = h e a tin g  r a t e ,  
w = w eight of re a c ta n t  a t  tim e t .  
wq = i n i t i a l  weight o f r e a c ta n t .
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1 - S -
I t  was shown th a t  i- = 1 «=•    • • • 1*5*15*
i  i-S+W Ts
■0as i s  sm all f o r  most r e a c t io n s .
(a )  For a  r e a c t io n  which i s  f i r s t - o r d e r
S u b s t i tu t in g  eq u ation  1.5*15* in to  eq u a tio n  1.5*14* gave
w ,  RTs2 e“E/HT--In 2  -  a  ^  e * ' '  S’ . . . 1 .5 .16.wQ q E y
When T = Ts, 0 = 0 eq u a tio n  1.5*16. a f t e r  ta k in g  logs became
1“  ! i n  “ | = f j - 2  e  • • • 1 . 5 . 1 7 .
u  " J *■■■*■ g
’•o**1j- Tjt^Thus a p lo t  o f In  In  - jj- | a g a in s t 0 would be a  s t r a ig h t  l in e  of slope
£  2 R3?S
0>) F or a r e a c t io n  o f unknown o rder
The p o s i t io n  o f maximum r a te  was shown to  be governed by the  o rd er
of th e  r e a c t io n :
xst' = (n ) "^*n f o r  n ^ l ;  (ce = — f o r  n= l) . . . 1 ,5 .1 8 .
where = c o n ce n tra tio n  o f th e  re a c ta n t  when th e  re a c tio n  proceeds a t i t s  
maximum r a t e .
The o rd e r was determ ined from eq u ation  1.5*18. S u b s ti tu t in g  th i s  
value o f n in to  1 . 5 . 1 4 . and fo llow ing  th e  same procedure as o u tlin e d  fo r  
th e  f i r s t - o r d e r  r e a c t io n  gave
]" i ?  e • • * 1 > 5 * 1 9 '
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■ * EThus a graph o f In  ! - r ~ — j a g a in s t 0 had a slope of ^ rp «
L -L*"X1 J  x L J .»
55
3. Doyle
Doyle ev a lu a ted  an ex p ress io n  co rresponding  to  equation  1,5*6* 
Using an approxim ation f o r  th e  R .H.S. based on th e  in te g r a l
,  - X  /  1  1  \d u - d r e  ( — -  —o + . . . . .  )
cr,
- Ue
x u  . X X .
he d e riv ed  th e  equation
g(h) -k e"x . . .  1 .5 .20.
where g (h) = th e  in te g r a l  of the  L.H .S. o f 1 .5*6 .
a  = frequency  f a c to r .
B = th e  h e a tin g  r a t e .
b = th e  a c t iv a t io n  energy.
_ _b_
X RT.
By a c u r v e - f i t t i n g  techn ique  he s tu d ie d  th e  ze ro -o rd e r v o l a t i l i s a t i o n  
o f l iq u id  o c tam eth y lcy c lo te tra silo x an e (O .M ,C ,T ,S .) and th e  f i r s t - o r d e r  
re a c t io n s  of p o ly te tra f lu o ro e th y le n e  (P .T .F .E .) .  He confined  h im se lf to  
zero  and f i r s t - o r d e r  r e a c t io n s .
74
4* H aze ll
H aze ll used  Doyle’s approxim ation fo r  th e  ev a lu a tio n  o f an equation  
s im ila r  to  eq u a tio n  1 .5*6 . and o b ta ined
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1-n  a E
•  •  • 1 .5 .2 1 .
f o r  a l l  v a lu es  o f n  except na=l .
S u b s ti tu t in g  va lu es  of a  and T from any two p o in ts  on the  T.G. curve 
he o b ta ined
In
1~( l~oc 2)
1_n t T1 E_  « 2 In _  + Z
1-n  T„ R T T 2
1.5.22.
H aze ll o b ta in ed  th e  o rd e r n from iso th e rm a l s tu d ie s ,  s u b s t i tu te d  th ij  
va lue  in to  eq u a tio n  1 .5 .2 2 . and c a lc u la te d  v a lu es  of E fo r  a l l  the  
com binations of two p o in ts  from th e  p o in ts  on th e  T.G. cu rve . He 
in v e s t ig a te d  th e  dehy d ra tio n  o f n ic k e l hydrox ide.
B. K in e tic  Methods based on d i f f e r e n t ia t io n
TO
( 1 ) Freeman and C a rro ll
They used  s im ila r  equatio n s  to  1 .5 .1 .>  1 .5*2 . and 1 .5*3 . to  
ev a lu a te  th e  k in e t ic s  o f  th e  r e a c tio n  a K b ) — » ^ B(g) + 0 c(8 ) 
o b ta ined  an ex p ress io n  s im ila r  to  eq u ation  1 .5 .6 .  b e fo re  in te g ra t io n :
cLX
dt
= Z e-E/RT Xx 1 .5 * 2 3 ,
where X = c o n ce n tra tio n  o f re a c ta n t  A.
x = o rd e r o f r e a c t io n  w ith  re sp e c t to  A. 
Z = p re -e x p o n en tia l f a c to r .
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Taking logs o f eq u a tio n  1 .5 .2 3 . ,  d i f f e r e n t ia t in g  and th en  in te g r a t in g  th ey  
ob ta ined!
*  ( - § )  - -  + x 5 1 n  X . . .  1 . 5 . 2 4 .
On d iv id in g  eq u a tio n  1 .5 . 24 . by In  X and s u b s t i tu t in g  a c tu a l w eights fo r  
X, th e y  ob ta ined!
A -n  A  1
at _ jjj ^ + x . . .  1 . 5 . 2 5 .
A  m  wr H * ln wr
where
w  ^ = w eight o f re a c ta n t  rem ain ing  to  be l o s t .
wq = t o t a l  w eight l o s t .
w = w eight lo s t  a t  tim e t .
jj-r = r a t e  o f w eight lo s s  a t  tim e t .
and th u s  w = w -  w . . .  1 ,5 .2 6 .r  ©
A qn f\ i
A graph o f d t ag a in s t ~~ T i s  a  s t r a ig h t
In  w Z iln  w
2? YElin e  o f s lope  - g  and in te r c e p t  +x,
65This method was extended by Anderson and Freeman who p lo t te d
j  1
.A ln  ~  a g a in s t A ln  w^ fo r  co n stan t A rj7 increm en ts. The o rd er of th e  
r e a c t io n  i s  o b ta in ed  from th e  s lo p e  and th e  a c t iv a t io n  energy from the  
in t e r c e p t •
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T his d e r iv a t io n  has been w idely  used , f o r  example fo r  dehydra tion
r e a c t i o n s ^ ’ ^  the  decom position o f th e  o x a la te s  o f c a lc iu m ^ ,
thorium , lanthanum and uranium"^ and th e  p y ro ly s is  o f p o ly m e rs ^ ’
The use o f th i s  method has a lso  been in d ic a te d  in  s e c tio n  1 .2 .2 .
T6Freeman o u tlin e d  ano ther method fo r  de term in ing  x from two 
therm ograv im etric  curves a t  d i f f e r e n t  h e a tin g  r a t e s .  He c a lc u la te d  the  
v a lu es  o f w^ f o r  th e  two curves a t  th e  same tem peratu re  and ob ta ined :
111 wr l  = ! f 2 ) X . . .  1 .5 .2 7 .
t a w r2
Taking lo g s  o f eq u a tio n  1 .5 .2 7 . y ie ld e d
,  i ln  Wr l  I n  ! i--------; In  w 0 r2  -
a2= x  ln  —  . . . l f 5*28.
al
~ 1  ^ a2 Thus a  graph o f ln  j -n...wr l  I a g a in s t ln  —  would be a s t r a ig h t  l in e  o f
; l n w  j
s lope  X •
(T h is  approach i s  p laced  h e re  to  keep Freeman’s work to g e th e r , i t  should  in  
f a c t  appear i n  s e c tio n  C.)
. N 79(2 ) R eich , Lee and L ev i.
A v a r ia t io n  on th e  o r ig in a l  Freeman and C a r ro ll method i s  th a t  due
to  R eich and co-w orkers who d i f f e r e n t ia te d  eq uation  1 .5 .2 3 . and used th e
f a c t  th a t  a t  th e  maximum re a c tio n  r a t e  =* 0 .
d t
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w"E MThus th e  o rd er o f th e  re a c t io n  i s  g iven  bys n = =r- 2 • • • 1 .5 .2 9 .
R T m %
where R  ^ = r a t e  a t  tim e t .
R^ = max. r a t e  o f r e a c t io n .
W = w eight rem ain ing  a t tim e t .
~ rem ain ing  a t  maximum r a te  o f re a c t io n .
T^ = tem peratu re  o f th e  maximum r a te  o f re a c t io n .
R = gas c o n s ta n t.
A com bination o f equations 1.5*23. and 1.5*29. y ie ld ed
In  E -  ln  A + |  j 1* ln  W -  i  j 1 .5 .3 0 .
* E L % 2%  T J
I 1 1and th u s  a  p lo t  o f ln  R, a g a in s t ln  W -  — j should r e s u l t  in  a
u M %  T J
Es t r a ig h t  l i n e  o f s lope  + r- •it
They s tu d ie d  T eflon  (P .T .F .E .)  in  vacuo and confirm ed a f i r s t - o r d e r  
r e a c t io n  w ith  a c t iv a t io n  en erg ies  between 71 and 74 k .c a l/m o le . They a lso  
o b ta in ed  th e  same r e s u l t s  u s in g  th e  method of Freeman  ^ and o b ta ined  f i r s t -  
o rd e r r e s u l t s  from iso th e rm a l s tu d ie s .
(3 ) Newkirk end Smith 
31
Newkirk assumed th a t  a l l  p y ro ly t ic  decom positions were f i r s t - o r d e r  
and h is  method invo lved  c a lc u la t io n  of the  f i r s t - o r d e r  r a te  c o n sta n ts  by 
m easuring th e  s lope  a t  a la rg e  number o f tem p era tu res . He th en  co n stru c ted  
an A rrhenius p lo t  o f I n k  a g a in s t ^  • In  h is  s tudy  o f Mylar he showed th a t
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th e  s lope  o f th e  p lo t  was independent o f h e a tin g  r a te  h u t as th e  h e a tin g
r a te  was in c re a se d  th e  p lo ts  were d isp la ce d  towards lower -■ v a lu es  in
comparison w ith  iso th e rm a l s tu d ie s .
80Smith has used th e  same approach to  d e riv e  Ep (Ep denotes th a t  
E, th e  a c t iv a t io n  energy may he somewhat dependent on th e  experim ental 
procedure) f o r  v a rio u s  polym ers.
C. O ther methods
81( i )  B e r lin  and Robinson
They s ta r t e d  w ith  a  p a r t i c u la r  form o f th e  Polanyi-W igner eq uation ,
97
developed by Jacobs and Tompkins (eq u a tio n  1.5*31*) l o r  th e  
decom position o f h y d ra te s  and c a rb o n a te s . They combined equations 1.5.31*> 
1 . 5 *32 . and 1*5«33* to  form eq u atio n  1.5.34*
M .  = I S  - q ■- " »=-E2/HT 1 q 51W N u 2'1 * * * * 1 .5*31.o
A = A ( l - a )  2 . . .  1 .5*32.0
d t \d t = ( ~  \ dT . . .  1 .5*33.
c\d T  )
where M -  m olecu lar weight o f th e  decomposing compound* 
WQ= i n i t i a l  w eight o f m a te r ia l.
N = Avogadro * s number #
A / = number o f m olecules a t  th e  in te r f a c e .
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Sg = en tropy  f a c to r .
\ )  = v ib ra t io n  frequency .
A = a re a  o f th e  in te r f a c e  a t  tim e t ,  
Aq = i n i t i a l  a re a  o f th e  in te r f a c e ,  
g = a  c o n s ta n t. 
cL"b = re c ip ro c a l  o f th e  h e a tin g  r a t e ,  
o
\ , a $ a re  d e fined  on page 15 .
Eg ® a c t iv a t io n  energy o f th e  re a c tio n ,
_ rJL q  V  A f l  a - \ Z '  a t '' ~ E z / ^  ,
dT “ I K  2 A  A0( 1 -a ) i e * * • 1 -5 .3 4 .
0 ' 011 c
Taking logs and re a rra n g in g  gaves
1 R F t da i f i  \ -i * ! ■ M a a,*\ ] R _ / d t\
T “ " E L dT " (  ^ “ o V ¥  N 2 w -/  ' J ! + E dTic2 o - 2 c
. . , 1 .5 .3 5 .
Two g ra p h ic a l methods were suggested  from which i t  was p o ss ib le  
to  determ ine Eg.
PLOT 1 .
I f  T i s  pu t equal to  T g ,th e  tem perature  a t  which th e  re a c t io n  i s
com pleted, th e n ,f o r  d i f f e r e n t  h e a tin g  r a te s  u s in g  th e  same s t a r t in g
w eight o f r e a c ta n t ,  a  graph o f ^  ag a in s t ln ( v r  i should be a  s t r a ig h ti  2 *u i , c
l in e  o f s lope  =■ •
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PLOT 2
For a s e r ie s  o f runs a t  th e  same h e a tin g  r a te  hu t u s in g  d i f f e r e n t
sample w e ig h ts , a  p lo t  o f ag a in s t ln  wq would he a s t r a ig h t  l in e  of
R .  . t C M _ 2. ,'\
Slope - s  o I i ¥ "  ®2 “’ ' ;
2 - 0
They te s t e d  t h e i r  eq u atio n s  on th e  fo llow ing  re a c t io n s :
( i )  Calcium carbonate  decom position in  n itro g e n  and carbon d io x id e .
( i i )  The d ehydra tion  o f b o r ic  a c id , po tassium  chrom ium (lII) alum 
and 5 - n i t r o b a r b i tu r ic  a c id .
82(2 )  Ingraham and Marier
The procedure used  by Ingraham and M arier assumed z e ro -o rd e r k in e t ic s
f o r  th e  decom position o f calcium  carbonate  and invo lved  a p lo t  o f log^Q (~p
a g a in s t ~  (where a = h e a tin g  r a t e ,  w = i n i t i a l  w eight) to  ev a lu a te  the
-Ea c t iv a t io n  energy E. The p lo t  was a s t r a ig h t  l in e  of slope 2“ ^ *  ^ rom 
t h e i r  va lue  o f E fo r  th e  calcium  carbonate  decom position th ey  c a lc u la te d  
th e  energy of a c t iv a t io n  f o r  th e  back re a c t io n  u s in g  a known value  fo r  the  
h ea t o f th e  reac tio n *
( 3) Anderson^^
He combined an eq u atio n  s im ila r  to  eq u atio n  1 .5*1. w ith  equation  
1.5*36.
¥  M
W = W. -  W = ¥ . ( l -  _ i )  . . .  1 . 5 . 36 .r  1 1 ffi
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to  o b ta in s
M j n
) j . . .  1.5.37.
L 1 j
dwwhere —  = r a t e  o f weight lo s s ,  
d t
k = s p e c if ic  r a te  c o n s ta n t.
= i n i t i a l  w eigh t.
W = weight lo s s  a t  tim e t .
W « re s id u a l  w eigh t.
= w eight lo s s  during  the  f i r s t  c y c le , 
n = o rd e r of p y ro ly s is .
M a* n o . o f c y c le s .
wiHe s e le c te d  a  convenient ~  r a t i o ,  say  0 .1 ,  and co n stru c ted  
dw ia  s e r ie s  of curves of ~  a g a in s t M fo r  d i f f e r e n t  v a lu es  of n . The re a c ta n t
to  a  tem peratu re  \ ^
was h eated  from room tem perature^T , where —  eq u a lled  th e  s e le c te d  v a lu e ,
i
and th en  ra p id ly  cooled to  room tem p era tu re . The h e a tin g  to  T was rep ea ted
dwf o r  M cy c les  and th e  w eight lo s s  in  each cycle  (= ^  , d t tak en  as u n ity )  
reco rd ed . The th e o r e t ic a l  curve which was th e  b e s t  f i t  to  th e  experim ental 
d a ta  gave th e  value  o f th e  o rd e r n . This va lue  o f n was used to  so lve  th e  
two sim ultaneous e q u a tio n s , ob ta ined  a t  two d i f f e r e n t  h e a tin g  r a t e s ,  f o r  
E and th e  p re -e x p o n e n tia l f a c to r  A. He showed th a t  th e  p y ro ly s is  o f Teflon  
was f i r s t - o r d e r  throughout bu t th a t  two copolymers ex h ib ite d  a v a r ia t io n  of 
o rd e r w ith  th e  e x te n t o f p y ro ly s is .
dw
dt = k
! W 
| W .( l - ~w.
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1 .5 .2 .  General comparison o f t he d i f f e r ent■ aTvnroaohea
A disadvantage o f a l l  th re e  approaches, save those  of H aze ll and 
Anderson, i s  th a t  E and n a re  assumed co n stan t throughout th e  re a c tio n  and 
i n ^ n e r a l  th e re  i s  no ?/ay o f t e s t in g  i f  t h i s  assum ption i s  c o r r e c t .
A* In te g ra t io n  approach
The main advantage o f t h i s  approach i s  th a t  va lues *f th e  sl«pe a t
d civ a rio u s  tem peratu res ( ^  ) do no t have to  he determ ined. The v a lu es  o f a 
and Tcan he used d i r e c t ly  in  th e  eq u a tio n s . One d isadvantage i s  th e  
d i f f i c u l t y  o f i s o la t in g  th e  o rd e r of r e a c t io n  n from th e  deriv ed  eq u atio n . 
A nother d isadvantage i s  th e  n e c e s s i ty  o f approxim ating th e  in te g ra t io n  of 
th e  e fu n c tio n  and a lthough t h i s  can he done reasonab ly  accu ra te ly ,
i t s  e f f e c t  o n E Jan d n is  d i f f i c u l t  to  determ ine . However, in  h is  
approxim ation , Hoyle s ta t e s  th a t  th e  e r ro r  in  the  in te g ra t io n  does not 
a f f e c t  E. D eriva tions based  on th e  in te g ra t io n  approach do no t seem to  
be v e ry  s e n s i t iv e  to  changes in  th e  o rd er of the  re a c tio n  n .
B. D e riv a tiv e  Approach
cL ctThe main d isadvantage i s  th a t  a ccu ra te  detemu.nfl.txon of ^  va lues i s  
d i f f i c u l t  and i f  t h i s  can be ach ieved , t h i s  approach overcomes th e  
d isadvan tages o u tl in e d  under th e  in te g ra tio n , approach, namely?
(1) n i s  e a s i ly  is o la te d .
( 2) no approxim ations a re  employed.
( 3 ) i t  i s  more s e n s i t iv e  to  sm all changes i n  n .
Or, O ther methods
A ll th e se  methods re q u ire  two o r more runs and th e re  i s  very  l i t t l e  
advantage over conven tional iso th e rm a l s tu d ie s  s in ce  th e  p o s s ib i l i ty  of 
g e t t in g  k in e t ic  param eters from a s in g le  run  i s  l o s t .  W hilst no t so 
im portan t in  k in e t ic  s tu d ie s  th e se  methods show th e  dependence of the  
shape o f th e  T.G. curve on p ro ced u ra l d e t a i l s .
1*5 .3 . C r i t i c a l  e v a lu a tio n  o f e x is t in g  methods
As w i l l  have been observed, a g re a t v a r ie ty  o f symbols have been 
employed by p rev ious workers and i t  i s  no t always easy  to  compare e x is t in g  
m ethods. In  t h i s  s e c tio n  an attem pt w i l l  be made to  c o r re la te  th e  methods 
u s in g  th e  n o ta t io n  which i s  g iven  below and which w i l l  apply  from th i s  
p o in t onwards?
Symbols used in  d e r iv a tio n s :
A = p re -e x p o n en tia l term  in  th e  A rrhenius eq u atio n .
E « a c t iv a t io n  energy, o r energy term  k c a l./m o le .
R = U n iv e rsa l gas c o n s ta n t.
T = Tem perature °K. 
k = r a t e  c o n s ta n t.
a e  f r a c t io n  decomposed a t  tim e t .  (see  pJL5 ) 
n = ’o rd e r1 o f th e  r e a c tio n , 
t  = tim e .
m r e f e r s  to  maximum r a te  c o n d itio n s .
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p  \  2
j co n s tan ts  in  th e  fu n c tio n  a =
M
e = ex p o n en tia l, 
a = h e a tin g  r a t e ,  
h = room tem p era tu re .
A com bination of equations 1 .5 .1 .>  1 ,5 .2 .  and 1 .5 .3 .
i . e .  M  = k ( l - a ) n i . e .  d t \ }
- e/ rtk = Ae 
dTa — -j i d t
81763 d f  = t  e 'E/ RT( l - a ) n  . . • 1 . 5 . 38 .
p  O
d a E da n  /  &a v- D if f e r e n t ia t io n  o f eq u ation  1 .5 .3 8 . g ives —~  = grp2 ’ I ;
dT
t • • 1 .5 -3 9 .
A. In te g ra t io n  approach
( 1 ) Van K revelen, Van Heerden and Hunt dens 
E quation  1.5.11. becomes
J -  ln ~  I KDm ------—  + | ~  + In 5?J -  ln  a  ! TL. m i  E . | L BTm J
L BTm
where J = ln j for n ^ l  . . . 1.5.40.
l«*n -1
and J = lnUln(l^ct) 1 for n = 1 . . .  1.5.41.
L j
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The d i f f i c u l t i e s  of t h i s  method a re :
(1 ) exact measurement o f T  ^ an d £ T , e sp e c ia l ly  i f  consecu tive  
re a c t io n s  are  b e in g  s tu d ie d .
( i i )  th e  value  of th e  a c t iv a t io n  energy i s  a f fe c te d  by e r ro rs  in c iT  
and Tm, and th e  g ra p h ic a l e s tim a tio n  o f E g ives r i s e  to  fu r th e r  
u n c e r ta in ty .
( i i i )  w h ils t  o rd e rs  o f 0 , 1 and 2 can be d is tin g u ish e d , v a lues o f
a . 2— and —, which can be shown to  have a m echan istic  meaning, are  very  
d i f f i c u l t  to  s e p a ra te .
( iv )  e s tim a tio n  o f T^ fo r  a  z e ro -o rd e r re a c t io n  i s  d i f f i c u l t  as i t  
occurs a t  th e  com pletion of th e  r e a c t io n .
(v ) ^  i s  v e ry  s e n s i t iv e  to  n o n - lin e a r  r a te s  o f h e a tin g , and 
endo- and exotherm ic e f f e c t s .
The trea tm en t o f S ch n itze r and co-w orkers i s  su b jec t to  th e  same
39e r ro r s  as Van K revelen ’s approach and th e  r e s u l t s  fo r  magnesium hydroxide
8 Ad i f f e r  w idely  from th o se  ob ta ined  by p rev ious w orkers, e .g .  Gregg .
K aesche-K rischer and H ein rich  o b ta in  t h e i r  energy of a c t iv a t io n  
from th e  s lope  of th e  s t r a ig h t  l in e  de riv ed  from equation  1 . 5 *40 * The 
comments l i s t e d  above re g a rd in g  a re  r e le v a n t .
(2 ) Horowitz and M etzger
For n  = 1 eq u atio n  1,5.17* becomes
ln j-ln(l-a)i= © . . .  1.5*42.
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and fo r  n ^ l  eq u a tio n  1 . 5 . 19* "becomes
In | l - ( l - a  )1_nL  — ? 9 . . .  1. 5 .43.
! ! i m
i 1 -n  s
As T0 appears to  be eq u iv a len t to  T*m th e  comments l i s t e d  under ( l )  
re g a rd in g  Tm are  a p p lic a b le .
(3 ) Doyle
For n  = 1 h is  equation  1 .5 .2 0  becomes
[  . \ "] ART2 -E/HI H e , ,J - l n ( l - a )  — ’ e . . .  1*5.44*
L J aE
and f o r  n^r 1 eq u ation  1 .5 .2 0 . becomes
l - ( l - a ) 1- 11 = | | £ -  e' E/^ T . . .  1 .5 .4 5 .
1-n
He co n fines h im se lf to  zero and f i r s t - o r d e r  re a c t io n s  but h is  approach
cannot be used where th e  o rd er of th e  r e a c t io n  i s  unknown.
(4 ) H azell
He used the  same nom enclature as used in  th e  p re se n t work, thus
eq u atio n  1 .5*22. i s  unchanged.
!-  ^ 1 ' 1 E • 1 1In ;---------=— —  I “  2 3 1 1 -  + I  ; £  -  S’ i 1*5*22.| T2 R - T2 ^  •
Since th e  o rd e r o f th e  r e a c t io n  n i s  determ ined from iso th e rm a l
experim ents th e  advantage of o b ta in in g  param eters from a s in g le  run  i s  l o s t .
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B. D if f e re n t ia t io n  approach
( l )  Freeman and C a rra ll  
Equation 1.5*25* becomes
. —5L. + n . . .  I .5 .46 .
f  ln (l-a ) H A ln ( l-a )
Severa l d isadvan tages appear to  e x is t  in  th e  use of th i s  d e riv a tio n s
( i )  in  most p r a c t ic a l  in s ta n c e s  the  d e r iv a tio n  seems to  apply  to  an 
ex trem ely  l im ite d  p o r tio n  of th e  decom position curve .
( i i .)  th e re  i s  consid erab le  d i f f i c u l ty  in  o b ta in in g  a r e l i a b le  value 
fo r  th e  o rder o f re a c t io n .
( i i i )  none o f the  o th e r  methods of app ly ing  th e  d e r iv a tio n  seems to  
overcome the d i f f i c u l t i e s .
( iv )  in  c e r ta in  re a c t io n s  th e  method does no t seem to  y ie ld  an answer 
4Ca t  a l l  x -  t h i s  may be due to  th e  re a c tio n  i t s e l f  and not in h e ren t in  the  
d e r iv a tio n .
Freeman’s equation  1 .5*28. becomes
log ln ( l-a i)  I . 24---------- 1 -  n 1*S _  > 4 # I.5.47,
ln(l-o^) j ^
This approach depends on accu ra te  knowledge of th e  tem peratu re  and 
exact d u p lic a tio n  of co n d itions surrounding  the  sample in  th e  two ru n s .
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Another weakness in  Freeman’s approach i s  th a t  having  derived  h is  
equatio n s  fo r  n o n -re v e rs ib le  r e a c t io n s ,  he th e n  usq3 them on r e v e r s ib le  
re a c t io n s .
(2 ) R eich, Lee and Levi 
Equation  1,5*30 becomes
ln  —  = ln  A + -  j . ln (  1-cc) -  I  j . . .  1 , 5 . 4 8 .d£
d t R ! T 2 (  ^ ^£Ja \ 
m V dt;m
The comments r e l a t i n g  to  Tm under Van K revelen’s method are  
e q u a lly  a p p lic a b le  h e re . The e s tim a tio n  of ( l" a )m when a i s  changing a t i t s  
f a s t e s t  r a t e  i s  d i f f i c u l t  to  o b ta in  a c c u ra te ly .
( 3) Newkirk and Smith
The assum ption th a t  a l l  p y ro ly t ic  decom positions are  f i r s t - o r d e r  
seems u n lik e ly  a lthough  polymer decom positions sometimes have an o rd e r of 
one. As our work was in tended  fo r  in o rg an ic  compounds o f unknown o rd e r th i s  
method was no t co n sid e red . D eterm ination  o f s lo p es  d i r e c t ly  i s  su b jec t to  
human e r ro r  and judgment and i s  ve ry  la b o r io u s .
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C a O ther methods
(1 ) B e r lin  and Robinson
Equation 1 .5 .35* “becomes
1 _ -  Rj n da ,  /_ rt\ n _ A j  R _ 1  _ n
T E d t ^  a 1 + E a • • • 1 • 5 • 49 •
The d e te rm in a tio n  o f T^ t the  tem perature  a t which th e  re a c t io n  i s  
com pleted, i s  d i f f i c u l t  f o r  re a c tio n s  which do not end sh a rp ly . They 
suggest u s in g  a tem pera tu re  a t  which 99$ re a c t io n  has tak en  p lace  b u t t h i s  
re g io n  of th e  r e a c t io n  may no t be ty p ic a l  o f th e  main p a r t  of the  re a c t io n .
(2) Ingraham and M arier
The th eo ry  on ly  ho lds fo r  l in e a r  k in e t ic s  bu t th e  au tho rs  suggest 
th a t  ’’th e re  i s  a  s u b s ta n t ia l  p o s s ib i l i ty  th a t  th e  method may a lso  be 
a p p lic a b le  to  some heterogeneous systems which fo llow  p a ra b o lic  k i n e t i c s . ”
( 3 ) Anderson
A number o f cy c le s  a re  re q u ire d  which as s ta te d  b e fo re  has no 
advantage over co n ven tional iso th e rm a l s tu d ie s .  I t  would be d i f f i c u l t  to  
p rev en t th e  r e a c t io n  from co n tin u in g  fo r  a  f i n i t e  tim e d u ring  th e  ra p id  
co o lin g  s tag e  and th e  accum ulated in d e te rm in a te  e r ro rs  would be 
co n sid e rab le  a f t e r  M c y c le s .
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S E C T I O N  2
EXPERIMENTAL AND PROCEDURAL TECHNIQUES
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2pi*  D e sc rip tio n  o f th e  therm obalance and m o d ifica tio n s
2 .1 .1*  In tro d u c tio n
The therm obalance employed in  t h i s  work was a S tan ton  H.T-D.
20
model . The a n a ly t ic a l  ba lance  o f th e  in s tru m en t was o f th e  d e f le c t io n  
type  (see  page 11 ) and th e  platinum -rhodium  b i f i l a r  wound fu rnace  was 
capable  o f ach iev in g  tem peratu res o f 1400°C. An alumina r i s e  rod  w ith  a 
sm all s in to x  p la tfo rm  was f i t t e d  above th e  r e a r  balance  pan and the  
c ru c ib le  s i tu a te d  on th e  p la tfo rm . The fu rnace  was mounted so th a t  
i t  could  be r a is e d  o r low ered over th e  c ru c ib le  and i t s  su p p o rt.
2 .1 .2 .  O perating  atm osphere
I n i t i a l l y  th e  therm obalance was used w ith  an alum ina sh ea th  
in s id e  th e  fu rn ace  tube  which k ep t th e  therm ocouple (c o n tro ll in g  th e  
h igh-low  sw itch in g  o f th e  fu rn a c e )a g a in s t th e  fu rnace  w all and gave a 
more l i n e a r  tem p era tu re-tim e  re c o rd . With th i s  sh ea th  i t  was p o s s ib le  j
to  c a r ry  out experim ents under th e  fo llo w in g  c o n d it io n s s -  j
(1) A s t a t i c  a i r  atm osphere. (S .A .)
( 2 ) A dynamic a i r  atm osphere by app ly ing  su c tio n  a t  th e  o u tle t.(D .A .U .)
( 3 ) A dynamic i n e r t  atm osphere ( e .g .  n itro g e n , argon, carbon d iox ide
j
e t c . )  by p a ss in g  gases down th e  sh ea th . (D .I .D .)  !
For an e x p lan a tio n  o f th e  a b b re v ia tio n s , see  no te  a t  fo o t o f Table 3 ,
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As th e re  were no f a c i l i t i e s  f o r  p rev en tin g  th e  gases used in  th e  
fu rn ace  from escap ing  in to  th e  la b o ra to ry  atm osphere, r e a c t iv e  and poisonous 
gases could  no t be used in  th e  p re se n t in s tru m en t. The in s tru m en t was 
a lso  u n su ita b le  f o r  work under p re ssu re  o r  vacuum.
Some s tu d ie s  on calcium  o x a la te  were c a r r ie d  ou t u s in g  a down flow  
o f n itro g e n  (D .N .D ,). When a down flow was employed in  th e  s tudy  o f 
methylamine h y d ro ch lo rid e , condensation  o f  th e  evolved m a te r ia l on th e  
c o ld e r  p a r t s  o f th e  r i s e  rod  (o u ts id e  th e  ho t zone o f th e  fu rnace) 
r e s u l te d  and s e r io u s ly  a f fe c te d  th e  w eight re c o rd . A m o d ifica tio n  to  
perm it an upward flow  o f gas was designed (see  Pig* 4«) which e lim in a ted  
th i s  condensation  on th e  r i s e  ro d . I t  was found necessa ry  to  app ly  a 
s u c tio n  o f between 100 and 200 m l./m in .a t  th e  top  o f th e  fu rnace  to  ensure 
an upward flow  o f th e  i n e r t  gas e n te r in g  a t  th e  base  a t  300 ml/min. The 
i n e r t  gas could  fo llo w  one o f two p a th s , e i th e r  up through th e  fu rnace  o r 
down in to  th e  chamber C. The l a t t e r  p a th  would d isp la c e  th e  a i r  from C 
and th u s  p rev en t any d if fu s io n  of a i r  in to  th e  fu rnace  atm osphere.
Rotam eter A reco rd ed  th e  r a t e  o f flow  o f i n e r t  gas in to  th e  fu rnace  
and ro ta m e te r B th e  r a t e  a t  which th e  gas was drawn p a s t  th e  c ru c ib le .
The abso rben t in  th e  l iq u id  a i r  t ra p  p reven ted  th e  gaseous p roducts  from 
b lo ck in g  ro tam e te r B, and w ith  a s l ig h t  m o d if ica tio n  th e se  condensed 
p ro d u c ts  could  be analysed  a f t e r  th e  com pletion o f th e  T.G. ru n . The 
su lp h u ric  a c id  bubb ler removed any w ater vapour from th e  g as.
Cal ib r a t io n  o f th e  ro tam e te rs
A soap bubble ap p ara tu s  was used in  s e r ie s  w ith  a ro tam e te r and 
a n itro g e n  supp ly . When th e  flow  o f gas was s tead y , th e  r a t e  o f flow  
was determ ined by tim ing  th e  movement o f th e  soap bubble up a 50 ml, 
g raduated  column. The tim ings were done in  t r i p l i c a t e ,  and from a curve 
o f ro ta m e te r  read in g  a g a in s t  flow  r a te  th e  c o rre c te d  r a t e  of gas flow  was 
c a lc u la te d .
The e f f ic ie n c y  o f th e  arrangem ent in  p ro v id in g  an in e r t  atm osphere 
was te s t e d  u s in g  a sample o f carbon b lack  (Vulcan 3) of p a r t i c l e  s iz e  
300 mesh in  a p la tinum  c ru c ib le  a t  650°C. The r a t e  o f weight lo s s  
was found to  be 0*03 mg, min.""'*' w ith  a  n itro g e n  flow  r a t e  o f 300 ml. 
min ^ and a su c tio n  o f 200 m l. min \  Using th i s  m o d if ica tio n  no 
exotherm ic e f f e c t  was d e te c te d  f o r  th e  lo s s  o f carbon monoxide from calcium  
o x a la te  a t  a 6°C/min. h e a tin g  r a t e .  ( c f .  re a c tio n is t a i r  page 199 )•
Using th e  m o d if ic a tio n  above, th e  fo llo w in g  experim ental c o n d itio n s  were 
a v a ila b le :
( i )  S ta t i c  a i r .  (S .A ,)
( i i )  Dynamic a i r  atm osphere (D.A.U.) w ith  su c tio n  a t  th e  top  on ly ,
( i i i )  Dynamic i n e r t  gas u p flo w .(D .I .U .)
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2 .1 »3» Tem perature measurement
Normally th e  tem peratu re  recorded  by th e  P t /P t  Rh 
therm ocouple which c o n tro ls  th e  high-low  sw itch ing  o f th e  fu rnace was 
th e  tem peratu re  reco rd ed  on th e  c h a r t .  The c e n tr a l  tem peratu re  m easuring 
m o d if ica tio n  reco rd ed  th e  tem peratu re  a t  th e  c e n tre  o f th e  fu rnace  by 
means o f an o th er P t /P t  lj/o  Rh therm ocouple. This therm ocouple, the  
bead o f which was s i tu a te d  ju s t  below the  sample, was lo c a te d  in s id e  th e  
tw in  bore r i s e  rod  and th e  connection  to  a p o ten tio m ete r was made by 
0.001 P t and P t/R h w ire s#v ia  a te rm in a l b lock  f i t t e d  in s id e  th e  balance 
case  (se e  P ig . 5 ) . The 0.001 w ires d id  no t a f f e c t  th e  o p e ra tio n  of 
th e  balance  and m erely a c ted  as e x tra  damping. The tem peratu res recorded  
throughout th i s  work a re  those  a t  th e  c e n tre  of th e  fu rnace  im m ediately 
below th e  c ru c ib le  u n le ss  o therw ise  s ta te d .
2 .1 .4 . Hot zone o f th e  fu rn ace
The c ru c ib le  in  a  therm obalance based on a d e f le c t io n  type of 
ba lance  must always be lo c a te d  in  th e  h o t zone (see  page 1 2 ) .  The 
fo llo w in g  procedure was c a r r ie d  out to  lo c a te  th e  h o t zone. The fu rnace  
was m ain ta ined  a t  a  c o n s ta n t tem perature  and was slow ly lowered over th e  
r i s e  ro d . The tem pera tu re  a t  th e  c e n tre  o f th e  fu rnace  was recorded  w ith  
th e  c e n t r a l  tem peratu re  m easuring m o d if ica tio n  to g e th e r  w ith  th e
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s e p a ra tio n  o f  th e  p la te  a tta c h e d  to  th e  bottom o f th e  fu rnace  from th e  
top  b a f f le  p l a t e .  (when th e  fu rnace  i s  in  i t s  u su a l o p e ra tin g  p o s i t io n  
th e se  two p la te s  a re  in  c o n ta c t ) .  The p o s i t io n  and dimensions o f the  
ho t zone were reco rded  and th e  p o s i t io n  o f th e  fu rnace  was always suoh 
th a t  th e  c ru c ib le  was in  th e  h o t zone.
2 ,91 .5 .  . Weight record ing : mechanism and sample w eight
The therm obalance had a f u l l  s c a le  d e f le c t io n  o f 10 m g..
When a f u l l  s c a le  d e f le c t io n  had occurred  a r e la y  was a c t iv a te d  which added 
a 10 mg. w eight to  th e  back pan and re tu rn e d  th e  w e ig h t-reco rd in g  pen 
f o r  an o th er s c a le  t r a v e r s e .  The autom atic  w eight change could  be 
re p e a te d  n in e  tim es and th e  maximum w eight lo s s  th a t  could  be follow ed 
a u to m a tic a lly  was 0 .1  g . In  t h i s  work th e  t o t a l  w eight lo s se s  were 
a rranged  to  be between 0.05 g . and 0 .10  g . i . e .  as sm all as p o ss ib le  
w ith in  bounds s e t  by th e  s e n s i t i v i t y  o f the  b a lan ce . In  a s e r ie s  of 
experim ents on a p a r t i c u la r  compound th e  w eight of th e  sample was 
k ep t c o n s ta n t u n le ss  th e  e f f e c t  o f sample w eight was being  in v e s t ig a te d ,
Q1
e .g .  to  confirm  th e  equatio n s  o f B e r lin  and Robinson (page 171 ) .
2 .1 .6 , Crucible
Platinum  c ru c ib le s  ( e i th e r  2 .2  g . o r 1 .1  g . ) ,  o f d iam eter 1 .5  cm. 
and depth  0 .8  cm. were used in  th i s  work (see  p ag e lO l). P latinum  was 
used f o r  th e  fo llo w in g  re a so n s ;.
( i )  th e  h igh  c o n d u c tiv ity  and low therm al c a p a c ity  o f th e  p latinum  
reduced any therm al g ra d ie n ts  in  th e  sample to  a minimum, and 
d is s ip a te d  any h ea t e f f e c t s  muoh qu icker th an  ceram ic m a te r ia ls
( i i )  s ta b le  to  1400°C and above,
( i i i )  i n e r t  to  th e  compounds in v e s t ig a te d ,
( iv )  easy  to  c le a n ,
(v) d id  n o t absorb  w ater, could be d r ie d  a t  130°C, and no t lo se  
any w eight a t  1400°C.
The c ru c ib le s  were always cooled  over ^ 2^5*
2 ^1 .7 . . H eating  r a te s
Two d r iv in g  cams were a v a ila b le  which m ain tained  a l in e a r  
tem p era tu re  r i s e  to  1000°C and to  1400°C re s p e c t iv e ly .  These cams were 
d riv e n  by in te rc h an g e a b le  synchronous e l e c t r i c  motors which caused th e  
fu rn ace  to  re ach  i t s  maximum tem peratu re  in  4 ,6 ,8 ,1 2 ,1 6  o r 24 hours,
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e .g .  th e  4 h r .  motor w ith  th e  1400°C cam gave a h e a tin g  r a t e  o f approxim­
a te ly  6°C/min. Using a com bination o f th e  a v a ila b le  motors and cams, 
h e a tin g  r a te s  o f 0 .8  to  6°C per min, could  be ob ta ined  (see  Table 44 )•
The h e a tin g  r a t e s  in  t h i s  ta b le  were ex p erim en ta lly  determ ined from th e  
a c tu a l  tem peratu re  o f  th e  sample and th e  tim ings on th e  c h a r t ,
2oloSti C hart speed
C hart speeds of 3 f,» 6 ” and 12" p e r hour were used in  th i s  work,
2*2 Compounds in v e s t ig a te d
( i )  Calcium o x a la te
fAnalaRf calcium  o x a la te  monohydrate was used throughout.
A p u r i ty  check was c a r r ie d  out by a n a ly s is  o f calcium  and o x a la te  as
w e ll as by c a lc u la t io n s  from th e  w eight lo s se s  fo r  th e  th re e  s tag e s  o f th e
decom position .
CaC^ O^ H^ O ------ * CaC^ O^ +H^ O . . .  2 . 2 .1 .
CaCo0.  ----» CaCCL+CO . . . 2 .2 .2 .2 4 3
CaC0„ ----- » Ca0+C0_ . .  .  2 .2 .3 .3 2
When th e  powder was s iev ed  i t  tended to  form agglom erates of lo o se ly  
bound p a r t i c l e s .  The m a te r ia l  p ass in g  through a 200 mesh s iev e  was 
examined under a m icroscope and was found to  be a m ixture  o f s in g le  
p a r t i c l e s  and agg lom erates . The s in g le  p a r t i c le s  v a r ie d  from sub-m icron
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to  3 m icrons in  s iz e  and i t  was no t p o s s ib le  to  perform  T.G.A. runs fo r  
d i f f e r e n t  p a r t i c l e  s iz e s  as had been p lanned. The w eight o f sample 
norm ally  used was 0 .1  g.
( i i )  Methylamine and a n i l in e  h yd roch lo rides
The la b o ra to ry  grade reag en t was r e c r y s t a l l i s e d  from d i lu te  
h y d ro ch lo ric  a c id  u n t i l  a w hite c r y s ta l l in e  s o l id  p roduct was o b ta in ed . 
This was d r ie d  and s to re d  over sodium hydroxide p e l l e t s  in  a vacuum 
d e s ic c a to r .  The w eight o f sample used was norm ally 0.05 g*
( i i i )  P o ly te tra f lu o ro e th y le n e  (P .T .F .E .)
Two commercial grade samples were used , a low and normal 
m o lecu lar w eight m a te r ia l ,  su p p lied  by B.T.R. In d u s tr ie s  L td ., under th e  
code name FLUOR Gl.
( iv )  P o ly s ty ren e
A sample having  a w eigh t-average m olecular w eight o f 28,000 
(c a lc u la te d  from v is c o s i ty  measurements) which was p repared  by G. Morley 
o f t h i s  C ollege was u sed .
(v ) Carbon
Carbon b lack  (Vulcan 3 ) o f p a r t i c l e  s iz e  /  300 mesh was u sed ,
( v i)  O ther compounds used
AnalaR grade magnesium hydroxide, ammonium c h lo rid e  and 
calcium  carbonate  s iev ed  through a 200 mesh s iev e  were used .
( v i i )  Calcium carb o n ate ; cal c i um oxide m ixtures
■   \
An attem p t was made to  o b ta in  in fo rm atio n  of th e  revers,e
r e a c t io n  which ta k e s  p lace  when calcium  carbonate  i s  h ea ted . A ccordingly
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samples o f AnalaR calcium  carbonate  c o n ta in in g  25^ , 50^ > and 7jfo calcium  
oxide were p rep a red . The h ig h e r p ercen tage  o f oxide was expected to  
in c re a se  th e  back re a c t io n  by combining w ith  th e  carbon d iox ide  formed.
The samples were p repared  on th e  therm obalance by decomposing th e  calcium  
carb o n ate  u n t i l  th e  re q u ire d  percen tage  o f oxide had been formed and then  
removing th e  sample from th e  fu rn ace . The exac t w eight lo s s  was determ ined 
by d i r e c t  w eighing b e fo re  and a f t e r  th e  h e a tin g . These samples were 
passed through a 200 mesh s iev e  b e fo re  f u r th e r  experim ents were c a r r ie d  o u t.
The amount o f calcium  carbonate  in  each sample f o r  runs 77, 78 and 
81 (see  Table 3 ) was approxim ately  0 .03  g .
2 .5 . C o rrec tio n  Curves
The need fo r  a c o r re c t io n  curve a r i s e s  from th e  dynamic n a tu re  of 
therm ogravim etry . I f  a c ru c ib le ,  which i s  known no t to  change w eight,
i s  h ea ted  empty, th e re  i s ,  g e n e ra lly , an apparen t change in  weight w ith
in c re a s in g  tem peratu re  (see  F ig . 6 .)  e .g .  a c ru c ib le  weighing 2 g . would
O —/be expected  to  have an apparen t in c re a se  in  w eight a t  1000 C of say  0.1^> 
o f th e  c ru c ib le  w eight; th i s  would amount to  an apparen t in c re a se  in  w eight
o f 2fo on a sample w eighing 0 .1  g . This apparen t w eight change i s  caused
by th e  in te r p la y  o f a  complex com bination o f s e v e ra l f a c t o r s . such as a i r  
buoyancy, convection  e f f e c t s  w ith in  th e  fu rn ace , c ru c ib le  geometry, r a d ia t io n  
e f f e c t s ,  th e  atm osphere in  th e  fu rn ace  and th e  f a c t  th a t  th e  c ru c ib le  
su pport i s  s u b je c t to  a tem pera tu re  g ra d ie n t w ith in  th e  fu rn ace . I t  i s
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thus n ecessa ry  to  use  th e  apparen t w eight change o f th e  empty c ru c ib le  
as a c o r re c t io n  curve to  a r r iv e  a t  th e  a c tu a l  w eight change o ccu rrin g  
in  th e  sam ple. Some o f th e  c o rre c t io n  curves recorded  in  th e  course  
o f th e  p re se n t work a re  shown (see  P ig , 6 , ) .
I f  th e  w eight lo s s  du rin g  a T,G. run  i s  determ ined by d i r e c t  
w eighing of th e  c ru o ib le  and c o n te n ts , b e fo re  and a f t e r  th e  ru n , i t  
should ag ree  w ith  th e  w eight lo s s  from th e  T,G. curve p lu s  th e  c o r re c t io n . 
This i s  th e  b e s t  t e s t  f o r  a p a r t i c u la r  c o r re c t io n  cu rve . Any d iscrepancy 
between th e  w eight lo s s  by independent w eighing and th e  w eight lo s s  from 
th e  c o rre c te d  T.G, curve can be a t t r ib u te d  to  change in  th e  s e n s i t iv i ty  
o f th e  b a lan ce , i „ e ,  in s te a d  of 10 mg, p e r f u l l  s c a le  d e f le c t io n  i t  i s ,  
say , 9*9 m, g , and can be c o rre c te d  acco rd in g ly .
The a v a lu es  reco rded  in  th e  p re se n t work a re  c a lc u la te d  from 
w eights c o rre c te d  under th e  a p p ro p ria te  experim en tal co n d itio n s  of th e  
p a r t i c u la r  therm ograv im etric  ru n .
F a c to rs  a f f e c t in g  shape o f T.G. Curve
In  re a c tio n s  o f th e  type A/ \ -—*- B/ \ + C(s )  ( s j
f a c to r s  a f f e c t  th e  lo s s  o f th e  v o la t i l e  C and thus a f f e c t  th e  weight 
lo s s  curves o b ta in ed  by T.G.A,
(a )  exo-and endotherm ic e f f e c t s  in  th e  sample,
(b) w eight o f sam ple,
(c ) environm ental atm osphere o f th e  sam ple,
(d) p a r t i c l e  s iz e  o f sample,
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(e) p r e -h is to ry  o f sample,
( f )  pack ing  o f sample,
(g) c ru c ib le  design  and m a te r ia l ,
(h) h e a tin g  r a t e .
I t  should  be p o in ted  ou t th a t  th e  f i r s t  s ix  f a c to r s  a lso  a f f e c t  
iso th e rm a l s tu d ie s  but in  T.G,A, th e  h e a tin g  r a t e  can modify th e  e f f e c t  
of some of th e se  f a c to r s ,
(a ) Exothermic and endotherm ic e f f e c t s  in  th e  sample
These e f f e c t s  a re  shown by D.T.A. and a f f e c t  th e  l in e a r  r i s e  of 
tem peratu re  w ith  tim e . An example of a s tro n g ly  exotherm ic re a c t io n  i s  
th e  carbon monoxide lo s s  from calcium  o x a la te  in  an a i r  atm osphere, which 
i s  caused by th e  burn ing  o f th e  carbon monoxide c lo se  to  th e  sample (see  
F ig , 7 ) acco rd ing  to  th e  fo llo w in g  equation :
CO + -jOg —* CO /^AH = -68  k c a l ./m o le .
31This e f f e c t ,  which has a lso  been observed by Newkirk, makes a mockery 
o f a l in e a r  tem pera tu re  r i s e  and completely in v a l id a te s  k in e t ic  measurements, 
An independent check on th e  tem peratu re  o f the  sample i s  thus e s s e n t ia l  
and i f  any d e p a rtu re  from a l in e a r  r a t e  i s  observed i t  i s  p o s s ib le  to  
reduce th e  e f f e c t  by v a ry in g  such f a c to r s  as w eight o f sample, atm osphere, 
h e a tin g  r a t e  and sample packing (v id e  i n f r a ) ,
(b) Weight o f sample
A la rg e  w eight o f sample le ad s  to  th e  fo llow ing  e f f e c t s :
(1) more pronounced h ea t e f f e c t s  (see  P ig , l ) t
(2) a lo n g e r bu lk  d if fu s io n  tim e o f th e  escap ing  v o la t i l e ,
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( 3 ) a g re a te r  chance o f ad so rp tio n  o f C onto th e  newly-formed s o l id  B, 
(A ny back re a c t io n  i s  thus favoured th e  lo nger th e  gases take
to  escape)#
(4) more pronounced tem peratu re  g ra d ie n ts  w ith in  th e  sample, i f  th e  
sample has a low therm al c o n d u c tiv ity .
So as sm all a  w eight o f sample as p o s s ib le , w ith in  the  l im i t s  of
s e n s i t i v i t y  o f th e  b a lan ce , i s  to  be p re fe r re d .
(o) Environm ental atm osphere of. th e  .sample
The atm osphere su rround ing  th e  sample may a f f e c t  th e  reac tio n *  In  
th e  calcium  o x a la te  decom position th e  r e a c t io n  i s  s tro n g ly  exotherm ic when 
c a r r ie d  out in  a i r  o r oxygen fo r  th e  reaso n s o u tlin e d  in  ( a ) ,  bu t in  i n e r t  
atm ospheres e .g .  n itro g e n , argon e tc ,  i t  i s  endotherm ic. The purpose 
o f th e  i n e r t  atm osphere i s  to  remove th e  gas C from th e  s i t e  of th e  re a c t io n
and p rov ide  uniform  environm ental co n d itio n s  and p rev en t any o x id a tio n .
Dynamic gas flow  o r vacuum co n d itio n s  a re  to  be p re fe r re d  to  the  
use o f s t a t i c  atm ospheres in  which th e  co n ce n tra tio n  of th e  v o la t i l e  C 
in  th e  v i c i n i t y  o f th e  c ru c ib le  i s  c o n tin u a lly  changing,
(d.) P a r t i c l e  s iz e
85 86The use o f la rg e  c r y s ta l s  may r e s u l t  in  s p i t t in g  , and o th e r workers , 
have encountered  foaming and bubbling  o f th e  sam ple. Normally, T.G,A. 
i s  perform ed on powders and th e  e f f e c t  o f p a r t i c l e  s iz e  and su rface  a re a
Q r j  O O
has been in v e s t ig a te d ,  e .g .  9 • The sm a lle r th e  p a r t i c l e  s iz e  the
g re a te r  th e  e x te n t to  which eq u ilib riu m  i s  reached and a t  any given
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tem peratu re  th e  e x te n t o f decom position i s  g rea te r*  The work of
89K arkhanavala and Rege shows th e  e f f e c t  o f d i f f e r e n t  p a r t i c l e  s iz e s  
on th e  a c t iv a t io n  energy c a lc u la te d  fo r  two o f th e  th re e  calcium  o x a la te  
decom position s te p s .
(e ) P r e - h is to r y o f sample
90Wendlandt has d iscu ssed  th e  e f f e c t  o f p r e c ip i ta t io n  techn ique
on th e  T.G, curve o f ammonium phosphomolyhdate. Recent work on magnesium
hydroxide from d i f f e r e n t  sources p rov ides a  good i l l u s t r a t i o n  o f th i s  
39f a c to r  .
( f )  Packing o f sample in  th e  c ru c ib le
I f  th e  powder i s  packed f irm ly  down in to  th e  c ru c ib le  i t  i s  more 
d i f f i c u l t  f o r  th e  evolved gases to  escape. This s im u la tes  normal D.T.A. 
o p e ra tin g  c o n d itio n s  and enhances any exo-or endotherm ic e f f e c t s ,  and 
hence i s  to  be avoided.
The geometry o f th e  c ru c ib le  used can profoundly  a f f e c t  th e  shape
91of th e  T.G, cu rv e . In  a c ru c ib le  f i t t e d  w ith  a p is to n , re a c tio n s  tak e
p lace  under one atm osphere o f th e  l ib e r a te d  gas, as th e  gas can only
92escape a t  t h i s  p re s su re . Using an open t r a y  type c ru c ib le  , re a c tio n s  
tak e  p la ce  o s te n s ib ly  a t  th e  p a r t i a l  p re ssu re  o f the  l ib e r a te d  gas as th e  
gaseous r e a c t io n  p ro d u c ts  can e a s i ly  escape . This l a t t e r  arrangem ent 
i s  u s e fu l in  s tu d y in g  re a c t io n  in te rm e d ia te s . C ruc ib les  have been 
designed to  p reven t d e c re p ita t io n  o f s o l id  sam ples. The m a te r ia l o f
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th e  c ru c ib le  must be such th a t  i t  does no t change w eight du ring  h e a tin g
and does n o t r e a c t  w ith  th e  sample. In  c e r ta in  c ase s , th e  m a te r ia l of
93th e  c ru c ib le  does c a ta ly s e  re a c tio n s  .
(h) H eating  r a t e
For a s in g le  s ta g e  endotherm ic re a c tio n  where T^ i s  th e  p ro cedu ra l
decom position tem peratu re  and T^ i s  th e  tem peratu re  a t  which th e  re a c tio n
30i s  com pleted, i t  has been shown th a t  :
(T ) ^  (T )2 f  ^  V 2 's .
f  = f a s t  h e a tin g  r a t e
( V f  >  <TA .
s .=  slow h e a tin g  r a te
<'■V V f  >  < W s .
31Newkirk has shown th a t ,  a t  any g iven  tem p era tu re , th e  e x te n t o f 
decom position i s  g re a te r  a t  a slow er r a t e  o f h e a tin g  than  fo r  a s im ila r
sample h ea ted  a t  a  f a s t e r  r a t e .  This i s  r e la te d  to  th e  re a c t io n  time
(see  e .g .  p . 28)
A f a s t e r  h e a tin g  r a t e  causes a g re a te r  d ep artu re  from l in e a r  h e a tin g  
c o n d itio n s  by enhancing exo- or endotherm ic h ea t e f f e c ts  (see  F ig , 8 ) .
The e f f e c t  of h e a tin g  r a t e  on en erg ies  of a c t iv a t io n  has a lso  been
 ^ 72, 89d iscu ssed . 9 •
2 ,5 . Summary o f th e  b e s t  c o n d itio n s  f o r  k in e t ic  s tud ies.
The fo llo w in g  experim en tal c o n d itio n s  were employed in  th e  p re sen t 
work as a d i r e c t  consequence o f th e  f a c to r s  o u tlin e d  in  se c t io n  2,4*
(1) A sm all sample w eigh t.
(2) Uniform environm ental atmosphere*
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(3) A powdered sample of known p a r t i c l e  s iz e .
(4) An open p la tinum  c ru c ib le .
(5) An independent measurement of th e  sample tem p era tu re .
(6) A uniform  h e a tin g  r a t e .
As unfavourab le  c o n d itio n s , one may quote th e  work o f Freeman 
38and C a r ro ll  on th e  carbon monoxide lo s s  from calcium  o x a la te . They 
used a 0 .423 g. sam ple, a s t a t i c  a i r  atm osphere and a h e a tin g  r a te  of 
1 0°/m;m* In  view o f F ig s . 7 and 8 , th e  assum ption of a l in e a r  h ea tin g  
r a t e  during  th e  r e a c t io n ,  which i s  employed in  t h e i r  d e r iv a tio n , i s  
in v a l id  and t h e i r  k in e t ic  param eters f o r  t h i s  re a c t io n  a re  acco rd in g ly  
s a s p e c t.
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S E C T I O N  3
THEORETICAL APPROACH
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3*1. D eriv a tio n  o f k in e t ic  equations based on equation  1 .5 .1 .
In  th e  course  o f th e  p re se n t work th e  g en era l r e a c tio n  which expresses 
most of th e  s tu d ie s  which have been undertaken  i s :
sA/ \ bB/ \ + cC/ \( s )  ( s )  (g )
and th e se  d e r iv a tio n s  a re  based on th i s  r e a c t io n .  For a v o l a t i l i s a t i o n  
re a c t io n  th e  eq u a tio n  s im p lif ie s  to :
A(s )  - *  A(g)
The fo llo w in g  equations d iscu ssed  in  th e  f i r s t  s e c tio n  have been
u sed .
H  = k ( l - o ) n . .  .  3 .1 .1 . (o f  1 .5 .1 .)
k -  Ae-1^  .  .  .  3 . 1 . 2 .  ( o f  1 . 5 . 2 . )
d®
dta = 4r . . .  3.1 .3.  (of 1 .5 .3 .)
Equations 3 .1 .4 .  and 3.1*5* can be ob ta ined  by combining th e  th re e  
equations 3 .1 .1 . ,  3*1*2. and 3*1*3*
* .  _  A  e-E^lT( l _a}n . . . 3<1>4#
dT a
or §  -  A e-E^ T( l -a )n . . . 3.1.5.
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The assum ption i s  made in  t h i s  com bination, th a t  th e  in s tan tan eo u s  r a te  
co n stan t from th e  T.G. curve a t tem peratu re  T i s  equal to  th e  r a t e  constan t
ob ta ined  from an iso th e rm a l experim ent a t  th e  same tem p era tu re .
94 /•K iss in g e r ^ a ttem pted  to  j u s t i f y  t h i s  assum ption u s in g  equation  3*1.6.
d t i a t /T  V ^ T /t d t * * • J . l . b .
He argued th a t  th e  term  [ i s  zero , because f ix in g  th e  tim e a lso
V d T  J t
f ix e s  th e  number and p o s i t io n  of th e  p a r t i c le s  c o n s t i tu t in g  the  system .
Thus » f-r-rvm and th e  re a c t io n  r a t e  o f th e  T.G. run  can be equated  toU. u \ £ "fc/ 1
the  iso th e rm a l r a t e .  E quation 3 .1 .6 .  i s  suspect, how ever,as th e  assum ption 
th a t  tem peratu re  and tim e are  independent v a r ia b le s  does not appear to  be 
c o r r e c t .
In  t h i s  work th e  form er assum ption has been v e r i f ie d  ex p erim en ta lly  fo r  
methylamine h y d ro ch lo rid e .
E quation  3 .1 .5*  and eq u atio n  3*1*4* a re  e q u iv a le n t. In  th e  
fo llo w in g  d e r iv a tio n s  eq u atio n  3*1*4* has been u sed .
Equation  3*1*4* can be used d i r e c t ly  o r  in  th e  in te g ra te d  form.
3 .1 .1 .  D irec t u se  o f eq u ation  3 .1 .4 .
F ive methods have been developed fo r  th e  d i r e c t  use of eq u atio n  3*1*4* 
METHOD A. Curve F i t t i n g
From any th re e  p o in ts  on th e  a -T  curve th e  fo llo w in g  th re e  equations 
can be o b ta in ed .
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f— 'i = A ( l - a /  e ’ E/ RTl
! M )  = A  ( l _a )n s - e / r t
IdT /g a  U  2
'da \  _ A / .  xn  -E/RT-,
-,dT /L a  e 3• y
From th e  above th re e  e q u a tio n s , th e  fo llow ing  exp ress io n s  f o r  n and E 
can be obtained*
n
j I  _  1 1 ln  (aa/dT)x 
i Tx T2 j (da/dT) I m mI 11 x3
^  (d a /d T )! 
(d a /d T ),
.  3 . 1 . 7 .
l n f a l
l l - a 9; l i  - 1  I Ini m m ; J**Ai 1 2 I
E = R.S
j ^  (da/dT)! ^  (1 -a i)
j (diy’dT ( l - a 2)
.  ln  (d a /d T )1 ^  ( l-O j)  |
(da/dT) 2 ( l T ^ J  j
3.1.8 .
1 1 i i ( l ^ i )
? l “ T2 ; ^
One may ta k e  a l l  p o s s ib le  com binations o f th r e e  p o in ts  from th e  t o t a l
Xnumber o f p o in ts ,  i . e .  com binations i f  th e re  are  "xM p o in ts .  
A lte rn a tiv e ly , i f  i t  i s  d e s ired  to  g e t some id e a  as to  w hether th e  param eters
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n and E change throughout th e  course of the  re a c t io n , i t  i s  p o s s ib le  to  
l im i t  th e  number o f com binations, choosing only  su ccessive  p o in ts , i . e .  i f  
the  p o in ts  a re  1 , 2, 3 , 4> 5* ••• x th en  on ly  com binations 1 .2 .3 . ,  2.3.4*> 
3 .4*5 * 1  • •••  ( x - 2 ) , ( x - l ) ,x  a re  in v e s t ig a te d .
For each com bination, th e  va lu es  o f n , E and A can be s u b s t i tu te d  in to  
eq u ation  3*1.4 . and th e  sum of th e  squares of the  e r ro rs  (see  Appendix) 
c a lc u la te d  f o r  a l l  th e  experim en tal d a ta . The s e t  o f va lues which have the  
l e a s t  sum of th e  squares o f th e  e r ro r s  i s  s e le c te d  as the  b e s t s e t .  A 
computer programme was developed to  make t h i s  method a p r a c t ic a l  
p ro p o s it io n .
METHOD B. B est s t r a ig h t  l in e
Equation  3 .1 .4*  > a f t e r  re a rra n g in g  and ta k in g  lo g s ,g iv e s :
This eq u a tio n  3 .1 .9*  can be used in  two ways:
( i )  I f  n i s  known.
A graph o f ln  — agai ns t  — should be a s t r a ig h t  l in e  of
B ( l - “)n
slope  "  •
( i i )  I f  n  i s  unknown.
A g ra p h ic a l method or a  computer method a re  a v a ila b le ,
(a )  G raphical method
Curves can be c o n s tru c te d  f o r  a  range o f va lu es  of n , th o se  fo r  which
1 2th e re  i s  th e o r e t ic a l  j u s t i f i c a t i o n ,  i . e .  0 , —, —, 1, each curve be in g  
a sso c ia te d  w ith  a  p a r t i c u la r  va lue  o f n . The value  o f n g iv in g  th e  b e s t 
stx-ai.ght l in e  i s  tak en  as th e  c o rre c t o rder (see  F ig . 9 ) and E can be 
determ ined from th e  slope o f th i s  l in e .  The value  o f n i s  assumed co n stan t 
throughout th e  reac tio n *
(b) Computer method
This method i s  designed so th a t  va lu es  o f n  a re  scanned in  0 .2
Increm ents s t a r t i n g  a t  say  n  = -O .4 . The s tan d a rd  d e v ia tio n  of th e  slope
o i th e  b e s t  s t r a ig h t  l i n e ,  drawn f o r  each value  of n , p asses through a 
minimum f o r  th e  c o rre c t n v a lu e . A fte r  p a ss in g  th e  minimum, th e  v a lues of 
n in  th e  re g io n  o f th e  minimum are  rescanned in  0.02 increm ents.
(see  Appendix f o r  flow  diagram ).
lETTTQD C. D if f e r e n t ia l  eq uation
D if f e re n t ia t io n  o f eq u a tio n  3 .1 .4*  y ie ld s :
d oc a E ' doc ■ _  n doc \ . . .  3 .1 .10»
dT2 RT2 • dT ; ( l - a )  *■ dT >
On s u b s t i tu t in g  th e  va lu es  from two p o in ts  on th e  experim ental curve 
th e  fo llo w in g  eq u a tio n s  a re  o b ta in ed .
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From th e  above two eq u a tio n s , th e  fo llo w in g  ex p ress io n s  fo r  E and n can be 
developed.
2 2 
( d 2a / d T 2 ) 2 . ( d a / d T ) 1  -  (d 2a/dD2) r (d a /d T )2
( l - o ^ )  ( l - a 2)
E «    . . . 3 .1 .1 1 .
2 2 
(d a /d T )2 .(d a /d T )1 -  ( da/dT) da/dT ) 2
( d2a/dT 2) ( da/dT )1 -  ( d2a/dT 2)1(da/dT ) 2
2 2RT^ RT2
n  =   , . . . 3*1*12.
( da/dT ) 2(da/dT )^  -  (da /dT )1(d a /d T )2
ET2 (1- 0]_) ET^ ( l - a 2 )
V alues of n and E a re  o b ta in ed  fo r  every  com bination o f two p o in ts  
from the  t o t a l  number o f p o in ts ,  say  y , i . e .  yC2 com binations. The 
comments made under method A re g a rd in g  s e le c t io n  o f b e s t v a lu es  o f n and 
E, v a r ia t io n  o f n  d u ring  a re a c t io n  and th e  use  o f a computer a re  re le v a n t 
to  th i s  method.
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METHOD D. S tra ig h t l in e  d e rived  from the  d i f f e r e n t i a l
E quation  3 .1 .1 0 . can he rea rran g ed  to  g ive :
,( d 3 / d h ) ( i ^ )  .  j _ n . . . 3 . 1 . 1 3 ,
(d a /d T )  R [T  (d a /d T )  :
, o d a/dT  ) . ( l - a )  . , ( l - a )Thus a  graph of -----1— —' ^  u ag a in s t —*------i—
( a a /d T r  T .(da /dT )
should  he a s t r a ig h t  l in e  o f s lope  E/R and in te r c e p t - n  ( see Fig* lo)<
METHOD E. S tra ig h t l in e  de riv ed  from eq u ation  3 .1 .4 . (S im ila r  
to  th e  approach o f Freeman and C a r r o l l ^ ) .
Taking logs and d i f f e r e n t i a t in g  equation  3 .1 .4 . w ith  re sp e c t to  
tem pera tu re  one o b ta in s :
~  In  ~  = n  —  In  ( l - a )  + -  2 . . .  3 .1 .1 4 .
dT dT dT RT
In te g ra t in g  eq u ation  3 .1 .1 4 . between any two p o in ts , say  p o in ts  1 
and 2, eq u atio n  3 .1 .1 5 . i s  o b ta in ed .
f /Vi 2 T ;2  r 2
: In  -Wp •; = n i l n ( l - a ) ,  R * T* • • • 3 .1.15*
a i J l  L -1 l J1
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Rearrangement y ie ld s  :
In  ( da/ dT) i  [ ^  “  ? 2 j
(d a /d T )9 = n  -  ~  .
 -------------------A R -------------------- -
In  ( l - a 1 ) / ( l - a 2) ^  ( ^ - j V U - c ^ )
(d a /d T )!
. . 3.1.16
In 1 1
Thus a graph o f (da/dT ) 2 ag a in s t ^1 ^2 j
In  ( l " a1 ) / ( l - a 2) I n  ( l - a 1 ) / ( l - a 2)
E \should  he a  s t r a ig h t  l in e  o f s lope  -  g* and in te rc e p t  + n see (F ig . 1 1 ) .
Sugii'iary o f methods A»B,C.D, and E.
cL aA ll th e se  f iv e  methods re q u ire  accu ra te  v a lues o f ^  ( th e  slope 
o f th e  d H  curve) 'a and T va lu es  and in  a d d itio n  methods C and D re q u ire
o 2
6 a ' da d av a lu e s . The p rocedures used to  determ ine -jg and v a lues a re
dT
d iscu ssed  helow.
3o i P2& In te g ra t io n  o f equation  3 .1 .4 .
Two methods have been developed.
METHOD E. Comprehensive method
E quation 3 .1 .4 .  can he rea rran g ed  and in te g ra te d  to  g iv e :
r. a f T
! SJL  .  i I e -E/ RT d.T . . .  3 .1 .1 7 .
( l - ° ) n  a  J
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The r ig h t  hand s id e  of eq u atio n  3 .1 .1 7 • has no exact in t e g r a l ,  hut
Eth e  s u b s t i tu t io n  u  = gjjT u s in g  the  r e la t io n s
_-u -b  . 1-b «*u r e f .  95e u  d u - i 'u  e / --------  =------ ------< -  n+1
u  n=o
eq u atio n  3 . 1 . 1 7 . becomes s
*|
l - ( l - a ) ^ ~ n ART2 j 2RT 6/RT\2 2 4 ./r t \ 3 ; -E/RT----------------  -    | 1-    + ;----j . ----- ;----j . . .  | e
1-n  aE I  E ’ E ; *E * j
3 .1 .1 8 .« •  f
The term s in  th e  square b rack e t r a p id ly  become in s ig n if ic a n t  i f  th e  value of
*P r \
gp ^ 10 ( i . e .  a  va lue  o f E = 10 k ca l./m o le  and T = 500 K .) and only  the  
f i r s t  two term s a re  im p o rtan t.
R earranging  equation  3 .1 .1 8 . and ta k in g  logs g ives
m  ; !~( l ~a)1~n , I = In 1 , 1  , , , 3 t l , 19>
[ ( l-n )T 2 j  aE L E _■ R T
fo r  a l l  v a lu es  o f n except n = 1, i n  which caso equation  3 *1 . 17* a f t e r  
ta k in g  logs becomes:
| - l n ( l - a )  j 1® j 2h t ] E l  .. „
!n  j — g |=  l n  aE ]_ B J "  E '  T ‘ ' # 3 .1 .2 0 .
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! ]_„( l - a ^ " n i i
Thus a p lo t  o f e i th e r  In! v J I ag a in s t j  o r , when n = 1,
I ( l -n )T 2 I,
I - ln (  1 - a } ' . 1"" , _. .In  ! ~ a g a in s t — should r e s u l t  m  a s t r a ig h t  l in e  o f s lope  -  ~ fo r
T R
th e  c o rre c t va lue  o f n  (see  F ig . 1 2 ), The term  ln  ~aE
2RT i1- | i s  co n stan t fo r
most v a lu es  o f E and fo r  th e  tem perature  range over which most re a c tio n s  
tak e  p la c e .
I f  E=20 k ca l./m o le  and re a c t io n  tak es  p lace  in  range 400-500°K the  
change in  th e  term  i s  0 .3
As w ith  method B a g ra p h ic a l method o r a computer method can be
used .
(a )  G raphical method
1 2Curves can be co n stru c te d  fo r  v a lues o f n equal to  0, ^ , — and 1 
and th e  va lu e  o f n  a sso c ia te d  w ith  th e  curve th a t  i s  th e  b e s t s t r a ig h t  l in e  
i s  tak en  as th e  c o r re c t  o rd e r (see  F ig . 12 ). E can be determ ined from the  
slope  o f t h i s  l i n e .  The value  o f n i s  assumed co n stan t throughout the  
r e a c t io n .
(b ) Computer method
This method i s  designed so th a t  va lues o f n a re  scanned in  0 .2  
increm ents s t a r t i n g  a t  say  n « -0 .4« The s tan d a rd  d ev ia tio n  o f th e  slope 
of th e  b e s t  s t r a ig h t  l in e  drawn fo r ' each value  o f n passes through a 
minimum f o r  th e  c o r re c t  n  v a lu e . A fte r p ass in g  th e  minimum the  v a lues of 
n in  th e  re g io n  o f th e  minimum are  rescanned in  0 .02 increm ents (see  
A ppendix),
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METHOD G-. Simple method a p p lic ab le  f o r  low v a lu es  of fl
The l e f t  hand s id e  o f equation  3.1.17* can be expanded by th e  
b inom ial theorem  to  g iv e :
\ a  r  a 2  * 1 a  iT“ e/rt; ;1 -  n a  + n  (n + l) —  — n (n+ l)(n+ 2) a . . .  | =—je dT.
J o L X«2 1 *2- 3 - j  %
E quation  3«1»21. i s  o b ta in ed  by expanding th e  R.H.S. o f equation  3»1«17* 
as f o r  method F 
2
a -  f f L  + n(m-l)ot2 n (n+ l)(n+ 2) o f  . . . = ART2 -, 2RT ! e"E//^T 
2 6 24 aE E J
. a • 3*1* 21.
For v a lu es  of a C 0 .3 , on ly  th e  f i r s t  term  o f th e  l e f t  hand s id e  o f 
eq u a tio n  3 .1 .2 1 . i s  s ig n i f ic a n t  and a f t e r  re a rra n g in g  and ta k in g  logs t h i s  
eq u a tio n  becomes:
_ a AR f  -2RT | „  tln  __  = ln  i -j ; E 1 ? i oo
-  —  r j ~.  r  t  mmm — m ^  —  • • •  J  * X  •  £  £  #
T aE L E j  R T
1Thus a p lo t  o f ln  - x — a g a in s t — should be a  s t r a ig h t  l in e  of
E Tslope  - g  (see  F ig . 13)•
The approxim ation made in  equation  3*1 *21. i s  exact when n = 0,
i . e .  a z e ro -o rd e r  r e a c t io n ,  bu t i t  has been shown to  ho ld  f o r  th e
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supposedly f i r s t - o r d e r  p y ro ly s is  of P .T .F .E . and f o r  o th e r re a c tio n s  a t 
low a v a lu e s .
Summary o f methods F. and G
The curve f i t t i n g  technique as employed in  Methods A and C could 
no t he used  w ith  eq u a tio n  3.1*18* as the  ex p ress io n  f o r  n in  term s of a 
and T on ly , could no t be iso la te d *  The two methods th a t  have been deriv ed  
re q u ire  v a lu es  of a and T on ly .
3 .2 . D e riv a tio n s  based on th e  Erofeev r a t e  ex p ress io n
W hilst th e  bu lk  o f th e  p re sen t work has cen tred  on th e  use of
eq u atio n  3*1*1* i t  was p o s s ib le  to  examine one o th e r  r a t e  exp ression , namely 
62th a t  o f E rofeev  eq u atio n  3 .2 .1 .  The a p p l ic a b i l i ty  of t h i s  equation  has 
been a lre a d y  d iscu ssed  p . 35 s e c tio n  1 .4 . The d e r iv a tio n  of equations by 
a method s im ila r  to  method B i s  g iven below.
In  iso th e rm a l s tu d ie s  th e  fo llo w in g  r a te  ex p ress io n  has been 
shown to  ho ld
nl
a = 1 -  e"k t . . .  3 . 2 . 1 .
D if f e r e n t ia t in g  eq u atio n  3*2 .1 . w ith  re sp e c t to  tim e g ives
n.,
do 
d t
On re a rra n g in g  eq u atio n  3*2.1 . and ta k in g  lo g ^  equation  3*2.3* i s  o b ta ined
n*i
- l n ( l - a )  = k t  . . .  3*2.3*
,k t e
-1  -k t
3*2 .2 .
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E quation  3 .2 .4 .  i s  o b ta ined  when an ex p ress io n  fo r  t  from equation  3 .2 ,3 . 
i s  s u b s t i tu te d  in to  eq u ation  3 *2 . 2 .
i  r u -  i -
kn i ( l - « )  : - l n ( l - a )  | “ l  . . .  3 . 2 . 4 .
Combination o f equations 3*2.4*> 3*1*2. & 3*1*3* re a rra n g in g  and ta k in g  logs 
y i e ld s :
E 1
j ( l - u ) [ - ln ( l - a 2  ^  a T • • •
Thus a  p lo t  of ln  j ----------^aZiS--------------------  i a g a in s t — should be
: . ( l - a ) ( - l a ( l - a ^ "  ^  j  T
Ea s t r a ig h t  l in e  o f s l o p e - — •
Rn^
A g ra p h ic a l method (F ig . 14 ) o r a computer method (see  Appendix) 
can be used , which a re  s im ila r  to  th e  methods o u tlin e d  under method B.
The assum ptions made in  th e  above method a re
( i )  th a t  k in  eq u ation  3 *2 . 1 . i s  th e  r a t e  co n sta n t.
( i i )  th a t  n^ i s  co n stan t throughout th e  re a c t io n .
( i i i )  n^ i s  n o t th e  same as the n used in  th e  d e r iv a tio n s  in  
s e c tio n  3 *1 *
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3.3 .  General comparison o f derived  equations in  se c tio n s  3 .1 .1 . & 3 .1 .2 ,
The f iv e  d i r e c t  methods, namely A,B,C,D.and E derived  in  s e c tio n
3 .1 .1 . j a i l  r e q u ire  - j  v a lu e s . In  th e  d e r iv a tio n  o f th e se  methods no
dotapproxim ations have been used bu t th e  d e te rm in a tio n  o f accu ra te  r j j  v a lu es  
i s  d i f f i c u l t .  V arious p ro cesses  th a t  have been employed in  an a ttem pt 
to  o b ta in  t ru e  and a cc u ra te  ^  v a lues a re  d iscu ssed  in  s e c tio n  3*4*
The two in te g ra t io n  methods, namely P and G, derived  in  seo tio n
3 .1 .2 ,  re q u ire  o n ly a  and T v a lu e s , bu t in c lu d e  in  the  d e riv a tio n s  va rio u s  
approx im ations. The v a lu es  of a can be ob ta ined  d i r e c t ly  and are  much le s s  
s u sc e p tib le  to  e r ro r  th an  rjjjj v a lu e s , Eowever, re a c tio n s  o f low energy 
term  E cannot be s tu d ie d  as under th e se  co n d itio n s  c e r ta in  approxim ations 
a re  n o t v a l id .
3 .4 . D eterm ination  o f s lo p es  of a -  T o ra  -  t  curves
The fo llo w in g  fo u r p ro cesses  of de term in ing  th e  slope a t a 
tem p era tu re  T were in v e s t ig a te a .
P rocess ( l )  D eterm ination  o f v a lues by su b tra c tin g
co n secu tiv e  ft and t  v a lu es  and d iv id in g , i . e .  slope  a t a  g iven tem peratu re
t 2 + ^  a 2 ~a i
T correspond ing  to  tim e -----------  would be
P rocess (2 ) D eterm ination  o f ~  v a lues by s u b tra c tin g  consecu tive
. _ T2+Tl  , a 2 -a lft and T v a lu es  and d iv id in g , i . e .  s lope  a t  T = would be ~ = ,
2 2 1
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P rocess ( 3)
Values of and from hand-smoothed B.T.G. curves weredr dt?
used  in  t h i s  p ro c e ss .
The above two p ro cesses  gave slopes which were p lo t te d  on a 
P .T .G . curve (see  F ig . 2 ) . The c o n s tru c tio n  of a smooth curve through th e se  
p o in ts  proved d i f f i c u l t ,  and open to  human e r ro r  and one could in  e f f e c t  
o b ta in  any r e s u l t s  one w ished.
P rocess ( 4 )
O ther methods o f o b ta in in g  the  slope
The experim entala-T  curve can be re p la ce d  by ano ther curve, the  
eq u a tio n  o f which i s  known, and th e  slope o f th e  new curve which can be 
c a lc u la te d  would g ive th e  s lope  of the  smoothed a -T curve
(a )  U sing polynom ials
The experim en ta l a-T curve o f n  p o in ts  can b© f i t t e d  to  a  
polynom ial ex p ress io n  o f th e  n degree o f th e  form
a = A + BT + CT2 + DT3  . . .  3 .4 .1 .
The s lope  a t  a tem peratu re  T i s  g iven  by
^  = B + 2CT + 3DT2 #ee . . .  3 .4 .2 .
dT
The v a lu es  o f th e  co n stan ts  A,B,C,D e tc .  a re  determ ined by th e
method of l e a s t  squares and th e  slope a t  any tem perature  can be ob ta ined
"fciifrom eq u a tio n  3 .4 .2 .  A polynom ial o f th e  n  degree would go through a l l
th e  n experim en tal p o in ts  and would not p rov ide  th e  smooth curve re q u ire d .
j  /*»
This curve e f f e c t iv e ly  fo llow s th e  "bumps in  th e  d a ta , and v a lu es  o f —
dT
are  o b ta in ed  which a re  com pletely  u s e le s s  e .g .  in  F ig . 16 a t  Tg.
Thus i t  could  be argued th a t  polynom ials of a lower o rd er should
g ive  a  b e t t e r  f i t  b u t th o se  of th i r d  o rd e r in  T were found no t to  give a
good f i t  over th e  whole range o f a v a lu es  s tu d ie d . I t  was fu r th e r  found
th a t  polynom ials o f in te rm e d ia te  o rd e r gave b e t t e r  r e s u l t s  but as th e  o rd er 
was n o t u n iv e rs a l  fo r  a l l  re a c tio n s  t h i s  approach was abandoned.
The a l te r n a t iv e  o f ex p ress in g  th e  curve in  term s of a
polynom ial in  a , T = + B^a + C^a 2 . . .  was found to  be su b jeo t to
th e  same d isadvan tages as polynom ials in  T.
(b ) Using th e  normal d i s t r ib u t io n  curve (N.D. curve )
The normal d is t r ib u t io n  curve o f th e  form
a « pe~Q( T“M) . . . 3 .4 .3 .
was in v e s t ig a te d  f o r  th e  fo llow ing  re a so n s :
(1) by in s p e c tio n  i t  had a s im ila r  shape to  th e  experim ental
a -T cu rv es .
( 2) i t  has  only  one p o in t of in f l e c t io n  and th u s  a smooth curve i s  
o b ta in ed  (F ig . 15) in  c o n tra s t  to  (Fig. 16) v
(3 ) i t  has been dem onstrated th a t  T.G. curves can be f i t t e d  u s in g  
th e  th re e  param eters P, Q & M.
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Every combination of three points from the to ta l number of 
experimental points gives a set of P, Q and M values. The set, which when 
substituted into equation 3 . 4 .3 . gives the least sum of the squares of the 
errors over the entire number of experimental points, i s  seleoted as the
o
best se t . Prom the best values of P, Q and M,values of ^-r-and can bedi ^ 2
obtained, for any temperature, from the following equations:
^  = 2Qa(M-T) . . . 3 .4 .4 .
2 j-
= 20a :2(M-t) 2q- i : . . . 3.4.5*
dT 1 J
Two types of curve are theoretically  possible (see Pig. 15)> the 
maximum and minimum type but the experimental data only f i t s  one or the 
other. In a l l  reactions investigated a good f i t  was obtained*
A disadvantage of using the N.D. curve is  that a b u ilt-in  bias 
might be present and i t  is  not easy to estimate i t s  e ffect on the energy 
terms calculated* In process (4 ) slopes from the N.D. curve were used.
The processes used for determining (or values employed in  
a particular method to evaluate E and n, are recorded in  Tables 43 & 44*
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S E C T I O N  4
RESULTS
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T his s e c tio n  i s  p re sen ted  in  th e  fo llo w in g  o rd e r:
4.1* An index  of th e  runs used  fo r  k in e t ic  s tu d ie s  s e t  out in  
num erical o rd e r (T able 3 )*
4*2.  T ables o f aand  T v a lu es  f o r  the  above runs (T ables 4 -4 2 ).
4 . 3 .  Tables o f th e  k in e t ic  param eters determ ined by th e  d i f f e r e n t  
methods (T ab les 43> 44A, B, C and D).
In  s e c tio n  4*2. not a l l  th e  experim en tal p o in ts  were used in  a 
p a r t i c u la r  method. Those p o in ts  which were used a re  in d ic a te d . The d a ta  
used in  method F was o b ta in ed  e i th e r  d i r e c t ly  from the  experim ental p o in ts  
o r from a smoothed ot-T curve drawn th rough  th e  experim ental d a ta .
The o rd e r o f runs in  se c tio n s  4*2. and 4*3* i s  p re sen ted  accord ing  
to  the  fo llo w in g  p la n :
1 . There a re  fo u r main groups of re a c t io n s :
(a )  Water lo s s e s .  (T ables 4-12 and 44A)
(b ) Carbon monoxide lo s s e s .  (T ables 13-19 and 44®)*
(c )  Carbon d iox ide  lo s s e s .  (T ables 20-31 and 44^)*
(d ) Organic r e a c t io n s ,  (T ab les 32-42 and 44^)»
2. The runs f o r  a  p a r t i c u la r  re a c t io n , i . e .  w ater lo s se s  from calcium  
o x a la te  monohydrate, a re  a rranged  in  th e  o rd e r : runs in  s t a t i c  a i r ,  dynamic 
n itro g e n  and th en  dynamic a i r .
3* Runs on th e  same compound u s in g  th e  same atmosphere a re  arranged  
in  o rd e r o f in c re a s in g  h e a tin g  r a t e .
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4 .1 .  INDEX OF RUNS f IN NUMERICAL ORDER) 3
Run.
Ho,
------------------------
i Compound i Nominal 
Seating 
jiate _  
°C min"
I n i t i a l  
Weight ■
g*
P in a l
Weight
g-
Crucible Atmos­
phere
Notes *
8 Calcium o x a la te  i 4*0 0.1053 0,0405
r1
lg  P t S J l. HO & C09 on ly .
10 n 2 .0  iP . 1061 0.0411 lg  P t S.A, HpO & CO only .
11 i t 6 .0  *b.io6o ; 0.0409 l g  P t S.A. HgO Sc C02 on ly .
12 n 1 .0 0 .1060  J - lg  P t S.A. H20 Sc CO only .
13 i i 0*7 0.1055 - lg  P t S.A. CO on ly .
14 i t 3 .0 0 .1062  . 0 .0408 lg  P t S.A. H2O & CO2 on ly .
15 f ! . 3 .0 0.1067 O.O4O9 2g P t S.A. CO & CO2 only.
17 II 1 .4 0.1068 , 0.0411 2g P t S.A. CO & C02 only .
18 II 4 .2 0.1062 i - 2g P t S.A. H2O only.
19 I t 4*2 0.1066 ; 0.0412 . 2g P t S.A. CO2 only .
20 II 0.7 O.IO64 ; 0.0412 2g P t . S.A. COp only.
21 I I 0.7 0.1066 • 0.0945 2g P t S.A. H20 only .
34 t t 3.0 0.1061 ; 0.0408 2g P t S.A. H2O & CO 2 onlyi;
40 II 3 .0 D.1058 O.O4O9 2g P t D.N.D. 200 ml. N ^m ln.
41 t l 6.0 0.1058 0.0408 2g P t DJT.D. 200 ml. N2/m in.
42 I 3 .0 0.1061 - 2g P t D.N.D. 400 ml* ^O&COonly
43 I t 3 .0 0,1059 0.0412 2g P t D.N.D. 400 ml. CG-g on ly .
51 II 3 .0 0.1069 0.0417 2g P t S. A..
52 f t 3 .0 0.1062 0.0411 2g P t S. A.
53 P o ly sty ren e 2.0 O.O487 0 . 0 0 0 0 2g P t D.N.D. 200 m l./m in .
56 Marble ch ip 3 .0 0.0752 0.0427 2g P t S.A. Unground specimen.
58 A.R. CaC03 3 .0 0.0746 ;0.0427 2g P t SJL.
62 Strontium  o x a la te 3 .0 0.1080 0.0586 2g P t D.H.D. 200 m l./m in .
63 Marble ch ip 3 .0 0.0744 0 .0436 2g Pt S JU  . ground specimen.
64 Barium o x a la te ! 3 .0 0.1075 0.0724 2g P t D.2LD. 200 m l./m in .
69 Magne sium hydroxide 3*0 0.1025 0 .0706 2g P t SJl.
72 !Calcium o x a la te 1 1 - 5  ’ 0.1070
, , .
0.0424
,
P t . S.A.
i
LETTER COES FOR ATMOSPHERE
1 s t l e t t e r  I) -  dynamic o r S -  s t a t i c  
2nd l e t t e r  N -  n itro g e n  o r A -  a i r  
3rd l e t t e r  D -  down o r  U -  up gas flow
* The k in e t ic s  o f  a l l  decom position s ta g e s  were s tu d ie d  u n le ss  s ta te d  below.
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TABLE 3 ( c o n t . )
Run Compound Mominal I n i t i a l F in a l C rucible Atmos­ Motes
Mo. H eating Weight Weight phere
Rate ,
°C min g- g«
77 0aCO3/CaO m ixture 3 .03 .0 0.0447
0.0280 2g P t S.A. ~75$ CaC03
78 n O.O694 - 2g Pt S.A. ^50^ CaC0.3
81 H •3.0 0.1137 0.0931 2g P t S.A. ^25# CaCO.
82 A_.R.CaC03 3 .0 0.0326 0.0192 2g P t S.A. j
84 k. R.CaC03 3*0 0.1730 0.1006 2g Pt S.A.
97 Calcium o x a la te 3-0 0 .1050 0.0406 2g P t D.A.D. 200 m l./m in .
107
110
nethylamine 
hydrochloride
2 0 
2 .0
O.O576
O.O578
0.0001
0.0002
2g P t 
2g P t
D.M.U.
D.M.U.
f t
f t
114 P.T.F.E. low M.W, 2 .0 O.O687 0.0001 2g P t D.H.U. t t
115 M low M.W. 2 .0 0.0662 0.0000 2g P t b j u j . i t
116 "normal M.W, 2 .0 O.O694 0.0001 2g P t D.M.U. t i
117 "normal M.W, 2 .0 0.0688 0.0000 2g P t D.M.IU t t
L2£ Hydrochloride 2 .0 Q.0569 0.0005 2g P t D .n .u . t t
123
nethyl amine^ t r 2 .0 0.0574 0 .0002 2g P t D JU U t t
124 t t 2 .0 0.0557 0 ,0002 ag P t d-.m-.tj.-- t t
125 NH/C1. 2 .0 O.O5B0 0.0000 2g P t IUW>* t t
126 Melhyl amine HC1. 2 .0 0 ,0582 0,0000 2g P t IU i.lI . 11
127 t t 2 .0 O.O569 0 .0002 2g P t DUL.U. »1
128 I I 2*0 O.O58O 0.0000 2g P t D.A.IU f t
132 Oarhon 2 .0 O.O588 0 .0002 2g P t D.AUU t l
135 Aniline hydro-. , .  
BH4C1.
L 2 .0 O.O58O 0.0001 2g P t B JU U I t
136 ! 2 .0 O.O588 0.0000 2g P t i u u j . t l
138 Aniline hydro - .  , tjfxl o n  dp : 2 .0  ; 0.0588 0.0000 2g P t MUJ-. I t148 6.0 0.0574 0.0000 2g P t d u u j . I t
149 I t 1.0 0.0586 0.0001 2g P t d . m.u . t l
152 t l 4 .0 0.0574 0,0001 2g P t i u u u II
153 f f 3 .0 O.058O 0.0000 2g P t D.M.U. I I
LETTER CODE FOR ATMOSPHERE
1st l e t t e r  D -  dynamic o r S -  s t a t i c  
2nd l e t t e r  M -  n itro g e n  o r A -  a i r  
3rd l e t t e r  D -  down o r U -  up gas flow
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4*2. Tables o f a and T va lues
WATER LOSSs CALCIUM OXALATE
j RUM 21 a » 0 .9 1 -  0 .0 1
i ■ ■
Ebrpt. Data 1L a ta  used  l a  methods
a T I B G F
smoothed d a ta
a T
0.037 11 0 .0
i
0.161  1 136 .0
0.051 117.5 O.191 138 .0
O.O59 121 .0 1 0.219 140 .0
0.080 12 6 .0 1 0.251 142 .0
0 .110 130.5 1 0.283 144.0
0.154 135.5 1 1 0.321 146 .0
0.215 139.0 1 1 0.361 148 .0
O.289 145.0 1 0 .402 1 50 .0
O.384 149.0 O.444 1 52 .0
0.431 1 5 1 .0 1 0.493 154.0
O.486 153.0 1 O.562 156 .0
O.548 155.5 1 0 .636 158 .0
0.615 157.5 1 0.709 160 .0
O.69O 159.5
0.782 162.5 1
O.859 164.5 1
O.94O I 67 .O 1
O.986 170 .0
O.994 173.0
1.000 17 8 .0
RUM 12 a = 1 .06 t  0 .01
Expt. Data Data used  in  methods.
a T B G P
...sniQQthe
a T
0.035 107 .0 0 .182 145.0
0.057 123.0 0.210 147.0
0.071 129.5 1 0.245 149.0
0 .102 135.5 1 0.281 151 .0
0.121 138.5 1 0.322 153.0
0.145 141 .0 1 0 .368 155.0
0.174 144.5 1 O.426 157.0
0 .222 147.5 1 1 0.478 159.0
0.276 150.5 1 0.545 161 .0
0.338 153.5 1 O.6O9 163.0
0 .4 0 0 156 .0 1 O.676 165 .0
0.472 159.0 1 0.745 167.0
0.549 161 .0 1 O.8O9 I 69 .O
0.637 I 64 .O 1
0 .726 166 .0 1
0.814 169.5 1
0.901 171.5 1
0.954 173.0
O.978 174 .2
O.998 178.5
1.001 182 .0
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TABLE 5
WATER LOSSs CALCIUM OXALATE
i
RUM 72 a = 1 .72  - 0 .0 6
Expt. Data Data used  i n  methods
a T B i G 1 E!
0.081 139.5
0.090 143.5 1
0.102 145.4 1
0.119 147.9 1
0.134 1 51 .0 1
0.155 1 52 .8 1
0,185 155.0 1 1 1
0.215 156 .6 1 1 1
O.246 158 .1 1 1
0.279 159.9 1 1
0.318 161*2
0.362 163 .0 1 1
O.407 165.1
O.46O 1 67 .8 1 1
0.587 172.3 1 1
0.736 177.4 1 1
0.813 1 8 0 .0 1 1
0.883 183.3 1 1
0.939 185.9
0.979 1 8 8 .4
0.985 191.3
0.994 193.5
1.000 200.7
RUM 10 a =* 2.02 ± 0 .0 9
Expt. Data Data used  in  methods
a r rp B G P
smoothed d a ta
a T
O.O94 130 .0 0.147 140 .0
0 .105 132.5 1 0 .192 145.0
0.121 135*0 1 0.242 150 .0
0.137 138.5 1 0.310 155.0
0.162 141 .0 1 0.398 160.0
0.187 143.5 1 1 0.508 165 .0
0.214 146.5 1 1 O.655 170.0
0.249 150.0 1
0 .290 152.5 1
0.336 156 .O 1
0.382 158.5
0.439 I 6I .5 1
O.505 I 64 .O 1
0.567 I 66.5
0.639 I 69 .O 1
0.720 171 .2 1
0.799 172.5
O.859 174.0 1
0.917 175.5 1
O.972 178.0
1.011 179.5
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TABLE 6
WATER LOSSs CALCIIM OXALATE
RUM 34 ' a  -  3 .08 ± 0 .0 5
Expt. Data D ata used  in  methods
a ' T B G P
0.052 126.5
0 .062 '134.5
0,092 141.5 1
0.112 145.0 1
0.135 148.5 1
0,166 152.5 1 1 1
0.200 156 .0 1 1 1
0.242 159.0 1 1 1
0.288 162.5 1 1
0.346 166 .5 1
0.407 17 0 .0 1 1
O.483 173.5 1 1
0.571 177.5 1
O.69O 182 .0 1 1
O.79O I 86 .5 1 1
0.877 190.5 1
O.95I 194.0 1
1,000 198 .O
1.010 202.5
RUM 51 a * 3 .2 2  ± 0 .01
Expt. Data Data used  in  methods
a T B G P
0 .050 140 .8
0.063 145.0
0.083 150 .0 1
0.113 154.0 1
0 .152 158 .2 1 1 1
0 .2 0 0 162 .0 1 1 1
0.251 I 65 .8 1 1 1
0.316 I 69 .9 1 1
0.392 174.0 1 1
0.479 177.9 1
0.561 182.0 1 1
0 .6 6 8 186 .0 1 1
0.777 I 89 .9 1 1
0 .880 194.2 1
0.951 198.5 1
O.99I 203.8
O.996 208.6
O.998 213.5
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TABLE 7
WATER LOSSs CALCIUM OXALATE
RUM 52 a  «  3.31 i 0 .0 3
Expt. Data D ata used  i n  methods
a r ' T B G P
0.050 142 .8
O.O64 147.0
O.O87 152 .0 1
0.114 155.0 1
0.151 159.9 1 1 1
0.212 I 64 .8 1 1 1
0.275 168 .0 1 1 1
0.348 172 .1 1 1
0.445 176.4 1 1
O.529 181 ,0 1 1
0.635 185.1 1 1
O.748 189.5 1 1
O.849 193.0 1
0.943 196.9 1
O.991 201.0
O.999 205.3
1.006 222.9
RUM 14 a a 3 .4 8  “ 0.03
Expt. Data Data used  in  methods
a T B G P
smoothed d a ta
a .. .  _ T
0.025 100 0 .168 154.0
0 .042 118.5 0.211 158 .0
0.077 138 .0 1 0.265 162 .0
0 .100 143.0 1 0.329 166 .0
‘ 0 .128 149.0 1 0.398 170 .0
0 .170 154.0 1 1 O.489 174.0
0 .2 2 4 158.5 1 1 0.575 178 .0
0.285 163 .0 1 0.671 182 .0
0.356 168.5 1 O.769 186 .0
0.439 171.5 1
0.529 176.0 1
0 .628 180.0 1
0.730 I 85 .O 1
0.843 I 89 .O 1
0.932 194.0 1
0.997 197.5
1 .0 2 0 202.0
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TABLE 8
WATER LOSS! CALCIUM OXALATE
RUM 8 a a 4 .3 6  £ 0 .0 8
Expt. Data Data used  in  methods
a T B G P
smoothed data
a 1 T
0.030 1 3 0 .0 0 .1 3 8 155.0
0.047 136.0 0.185 160 .0
0 .061 1 41 .0 0.247 1 65 .0
0.081 147.0 1 0.320 170 .0
0 .120 153.0 1 1 O.4O4 175.0
0.163 1 58 .0 1 1 O.492 180 .0
0 .222 163 .0 1 1 O.592 I 85 .O
0.287 1 68 .0 1 1 O.697 190 .0
0.371 173.0 1
0.454 1 7 8 .0 1
0.576 1 8 4 .0 1
0.696 1 90 ,0 1
0.828 1 9 6 .0 1
O.924 203 .0 1
O.994 2 1 0 .0
1 .010 217.0
RUM 18 a = 5 .43  - 0 .0 8
Expt. Data Data used in  methods
a T B G P
smoothed data
a T
0.037 120.5
I ,
0.141 156 .O
0.045 .128 .0 0.174 160 .0
0.055 134.5 0,216 164.0
0.075 142.5 1 0 .260 168 .0
0.105 149.5 1 0.304 172 .0
0.151 157.5 1 1 0.359 176 .0
0.221 164.5 1 1 0 .418 180 .0
0.302 171.5 1 1 0.490 184 ,0
0.401 179.0 1 0.572 188.0
0.529 185-5 1 O.658 192.0
O.665 193.0 1 0.757 196 .0
0.805 197.5 1
0.934 205.5 1
1.010 213 .0
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TABLE 9
WATER LOSS s CALCIUM OXALATE
RUB 11 a = 6 .07 0 .1 0
Expt, L ata L ata used in  methods
a T B G P
smoothed d a ta
a I T
0.043 1 2 9 .0 0.143 155.0
O.059 137.0 1 0.189 160 .0
0.094 146 .0 1 0 .240 165 .0
0.142 155.0 1 1 0.295 170 .0
0.212 163.0 1 1 0.371 175.0
0.306 1 7 1 .0 1 1 0.457 180.0
0.421 178 .0 1 0.556 185 .0
O.556 I 85 .O 1 O.656 190.0
0.700 192 .0 1 0.752 195.0
0.861 201 .0 1 O.848 200.0
0,966 210 .0 1
0.995 218 .0
0.997 227 .0
1.000 236 .0
■
RUB 40 a « 2 .78 t  0 .0 6
Expt. L ata Lata used in  methods
a T B G P
smoothed data
a T
O.O46 I 2 7 . 5 0.124 1 50 .0
0.063 13 6 .0 0.163 154.0
0.072 140.5 0 .219 158.0
O.O92 145.0 1 0 .290 162 .0
0.127 149.0 1 1 0.373 166 .0
0.174 155.5 1 1 0.474 170 .0
0.222 158.5 1 1 0 .608 174.0
0.283 161.5 1 1 0.737 178 .0
0.343 164.5 1 O.84I 182 .0
0.427 168.0
0.519 171 .0 1
0.623 174.5 1
O.746 178.5 1
O.855 183.0 1
0.941 I 86.5 1
0.994 190.5
1.010 201.0
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TABLE 10
WATER LOSSs CALCIUM OXALATE
RIM 42 a « 2.89 ± 0 .0 5
Expt. L ata Data used in  methods
a tf B G P
smoothed d a ta
a T
O.O46 12 8 .0 0 .151 143.0
O.O95 1 36 .0 1 0 .186 1 46 .0
0.125 1 40 .0 1 0.221 149.0
0.154 143.0 1 0 .2 6 4 1 52 .0
O .I89 146.5 1 1 0 .310 155.0
0.245 150.5 1 1 0.369 158 .0
0.308 155.0 1 0,438 161 .0
0.371 158.5 1 0 .5 1 0 I 64 .O
0.443 161 .0 1 0.598 I 67 .O
0.528 164 .5 1 O.69O 170 .0
0.625 168 .0 1 0.767 173.0
0.735 1 72 .0 1 0 .8 3 8 176 .0
0.825 176.5 1
O.917 180 .0 1
O.989 I 85 .O
1.003 189.5
1.008 199.0
RIM 41 a s 6 .44  i  0.04
Expt, Lata Lata used in methods
a T B G P
smoothed data
a T
0.023 101.0 0.132 1 5 5 . 0
O.O47 131.0 1 0,166 1 5 9 .0
0.061 140.0 1 0,208 163.0
0 .0 9 3 1 4 7 .5 1 1 0.258 167.0
0 .1 4 3 1 5 6 .5 1 1 0.310 171.0
0.222 I 64 .O 1 1 0 .3 6 7 1 7 5 .0
0 .3 1 9 1 71 .5 1 O.438 1 7 9 .0
0 .4 5 1 180.0 1 O.516 183.0
0.625 188.0 1 0.601 I 87 .O
0.806 196.0 1 O.698 191.0
O .94O 205.0 1 O.786 1 9 5 .0
1.002 214.0
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TABLE 11
WATER LOSS*
CALCIUM OXALATE MAGNESIUM HYDROXIDE
RUN 97 a = 3.20  t  0 .02
Expt. Data Data used in methods
a T
1
B G E
0.036 121.2
O.O74 1 3 6 .9 1
0 .086 140.0 1
0 .113 1 4 4 .3 1
0.150 1 4 9 .0 1 1 1
0.194 1 5 2 .9 1 1 1
0 .253 1 5 6 .3 1 1 1
0.320 161.0 1 1
O.407 I 65 .O 1 1
0.501 169.0 1 1
0.6l5v 1 7 3 .0 1 1
0 .754 176.8 1 1
0.855 1 8 0 .5 1 1
O.940 I 8 4 .9 1 1
0.993 192.8
1.000 2 0 3 .1
RUN 69 a = 3 . 3 4 '- 0.02
Expt. Data Data used in methods
■
a T B G P
O.O46 336 .5
0 .0 5 9 3 4 5 .0 1
0 .0 8 5 35 3 .2 1
0 .1 2 0 36 1 .0 1
0 .1 7 1 37 0 .0 1 : 1 1
0 .2 0 2 37 3 .5 1 1 1
0 .2 4 3 37 7 .2 1 1 1
0 .2 8 9 381 .5 1 1
0 .3 4 9 3 8 5 .5
0 .4 1 3 3 90 .5 1 1
O.484 394 .5
O.563 39 9 .0 ; 1 1
0 .6 3 4 40 2 .5
0 .7 0 9 406.5 1 1
0 .7 7 1 411.0 1 1
0 .8 2 4 4 1 5 .0 1 1
0 .8 6 0 4 1 9 .7 1 1
0 .8 8 2 4 2 7 .2
0 .8 9 1 4 3 6 .5
0 .9 1 4 468 .O
0.926 500.0
0 .9 3 7 5 3 0 .0
O.96O 5 9 5 .0
0 .9 9 1 6 6 0 .0
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TABLE 12
WATER LOSS g
STROMTUM OXALATE
,
ROT 62 a -  3 .33 - 0 .0 2
Expt. Belt 3, D ata  used in  methods
a T B G I _J  . .f
0.036 11 8 .0
0.059 122.1 1
0 .0  86 125.9 1
0 .128 130 .0 1 1 1
0.181 134.5 1 1 1
0.248 139.4 1 1 1
0.321 143.0 1 1
O.4O3 147.0 1 1
0.492 151.7
O.6O4 155.6 1 1
0.716 160 .0 1 1
0 .822 163.5 1 1
O.909 167.9 1 1
O.952 172 .0 1 1
0,958 176.4
0.959 18 1 .0
O.96O 186 .0
BARIUM OXALATE
ROT 64 a = 3.33 - 0 .03
Expt. Data Data used in  methods
a T B G F
O.O76 106.5 1
0.125 110.5 1 1 1
0 .222 1 15 .0 1 1 1
0 .3 1 8 119 .0 1 1 1
O.456 123.2 1 1
0.625 127.5 1 1
0.791 132 .0 1 1
O.924 135.5 1 1
0.959 139.5 1 1
0.994 148.5
1.000 151.5
-  1X2 -
TABLE 13
CARBON MONOXIDE LOSS? CALCIUM OXALATE
RUN 13 a = O.92  -  0 .0 4
Expt, Data Data used in methods
a T B '1 G F
smoothed data
a T
0.051 397.0 0.125 416 .0
0.061 401.5 0 .161 420.0
0.076 406 .0 O.207 424.0
O.O96 410.5 1 0.271 428 .0
0.127 416 .0 1 0.350 432.0
O .I69 4 2 0 .0 1 1 O.43O 436.0
0.221 424.0 1 1 0 .519 440.0
0.311 430.0 1 1 O .64O 444.0
0.351 431.5 1 0.755 448.0
0.394 434.0 1
0.444 436.0
0.501 '441.0 1
O.565 444-0
0.630 445.5 1
0.688 448.0 i
0.745 450.0 1 .
O.819 452.0 1
O.849 452.0
0.881 454.0 1
O.914 455.5 1
O.970 466 .O
O.98O 515.0
RUN 12 a = L.04 - 0*03
Expt. Data Data used in  methods
a T B G P
smoothed data
a T
0 .050 402.0 0.161 422.0
O.O67 408.0 0 .208 426 .0
O.O85 411.5 1 0.263 430.0
0 .114 416.5 1 0 .328 434.0
0.161 422.0 1 0.397 438.0
0.221 427.0 1 1 0.497 442.0
0.299 432.5 1 1 0 .610 446 .O
. 0.371 436.5 1 O.7O8 450.0
0.428 440.0 1 0 .800 454.0
0.495 442.0 1
O.564 444.5 1
0.626 446.5
O.69O 449.0 1
0.751 452.0 1
0.802 453.5 1
0.868 457.0 1
O.899 458.0
O.97O 485 .0
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TABLE 14
CARBON MONOXIDE LOSS: CALCIUM OXALATE
RUN 72 a = 1 .7 2  - 0 .0 4
Expt, Data Data used in methods
a T B G F
O.O46 394*3
0.057 400 .2 1
0.077 4 0 8 .8 1
0.107 4 1 6 .8 1
0.168 424.2 1 1 1
0.207 429.0 1 1 1
0.278 434.0 1 1
0.358 439.3 1 1
0.458 4 4 4 .O
O.509 445.9 1 1
O.564 447.7 1 1
0.617 449.3
0.671 451.0 1 1
0.721 452.2 1 1
0.825 457.2 1 1
0.903 462 .0 1 1
O.95O 465.6
O.98O 469.7
0*992 473.5
1.000 480.1
RUN 17 a = 2 .0 1  t  0 .0 3
Expt, Data Data used in  methods
a T B G P
smoothed data
a T
0.059 414.© 0.133 430.0
0.074 419.0 O .I67 434.0
O.O98 424.0 1 0,214 438.0
0 .130 429.0 1 0,271 442.0
0.167 434.0 1 1 0.336 446.0
O .I94 436.0 1 1 0.415 450.0
0.221 439.0 1 1 0.529 454.0
0.256 440.5 1 0.630 458.0
0.305 443.0 1 1 0.740 462.0
0.354 447.0
0 .410 45O.O 1
0.476 452.0
0.544 454.5 1
0.607 : 457.5
0.674 46O.O 1
0.736 462.0
0.799 463.5 1
0.854 466.0 1
0 .898 468.5 1
O.929 471.0
O.950 473.0
0 .986 48O.O
0.994 488.5
-  114 -
TABLE 15
CARBON MONOXIDE LOSS? CALCIUM OXALATE
RUN 10 a = 2.46 - 0 .06
Expt. Data Data used in  methods
a T B G F
smoothed d a ta
a T
0.057 408 .0 0.145 430.0
0.072 413.0 0,184 434.0
0.088 418 .0 1 0 .2 3 8 438.0
0.111 424.0 1 0.295 442.0
0.145 430.0 1 0.356 446.0
0.191 434.0 1 1 0.434 450.0
0.219 437.0 1 1 0.517 454.0
0.256 439.0 1 1 0 .600 458.0
O.296 442.0 0.735 462 .0
0.357 446.0 1
O.419 449.0 1
0.497 453.0
O.58O 457.0 1
0,664 46O.O 1
0.738 4 6 2 .0
0.797 464 .0 1
0.868 467 .0 1
O.911 470.0 1
O.938 471.0
O.961 473.0
O.987 478.0
O.999 487 .O
RUN 52 a = 3.41 -  0 .16
Expt. Data Data used in  methods
a T B G F
0.051 406.8
O.O65 416 .0
0.086 424.4 1
0.101 428,6 1
0.124 432.0 1
0*154 436.1 1 1 1
0.189 439.5 1 1 1
0.233 444.7 1 1 1
0.302 449.3 1 1
0.407 455.2 1 1
0.546 46O.2 1
0.677 465 .O 1 1
0.788 468.8 1 1
0 .863 470.9 1
O.9O7 473.6 1
0.938 475.5 1
O.96O 478*8
0.975 481.6
O.982 485.9
O.988 501.0
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TABLE 16
CARBON MONOXIDE LOSSs CALCIUM OXALATE
RUB 15 a *= 3. 4 5 ;£ 0 .1 1
Expt. Data Data used in  methods
a T B 0 F
smoothed d a ta
a T
0.058 ■419.5 0.117 436.0
0.067 423.5 0 .148 440.0
0.080 428 .0 0 .1 9 0 444.0
O.O97 432.0 1 0.242 448.0
0.118 435.5 1 0.310 452.0
O .I49 440.0 1 1 0,389 456.0
0.190 444.0 1 1 O.469 460 .0
0.240 447.5 1 1 O.585 464 .O
0.310 452.0 1 1 0.709 468 .0
0.422 456.0 1
O.566 463.5 1
0.686 467 .O 1
0.774 470.0 1
0.866 473.5 • 1
O.919 477.0 1
O.952 48O.5
0.974 484 .0
0.994 498.0
RUB 51 a = 3.94 £ 0 .1 0
Expt. Data Data used  in  methods
a B G F
0.061 414.7
0.082 423.0 1
0.117 430.5 1
0.142 434.0 1 1 1
0.178 438.1 1 1 1
0.220 442.5 1 1 1
0.281 446.8 1 1
0.369 452.0 1 1
0.507 458.0 1 1
0.659 464*1 1 1
0.776 468.7 1 1
0.866 472.1 1
0.923 474.9 1
0.957 477.0
0.974 479.8
O.987 487.2
O.992 494.3
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TABLE 17
CARBON MONOXIDE LOSS: CALCIUM OXALATE
n RUN 40 a = 3.15 ± 0.05
Expt, Data Data used in  methods
a } T B G F!f1
n uyj
r  '
smoothed d a ta
a ! T
0,026 392.0 0.137 450.0
0.046 409.0 0.175 456.0
0.066 425.0 1 0.208 460.0
0.099 441.5 1 0.267 466.0
0.131 449.0 1 1 0.319 470.0
0.186 457.5 1 1 0.420 476.0
0.266 466.0 1 1 0.505 480.0
0.402 475.0 1 0.643 486.0
0.469 478.5 1 . 0.791 492.0
0.546 481.5 1
0.625 485.0 , 1
0.710 489.0 1
0.814 493.5 1
; 0.894 497.0 1
0.951 501.0
0.973 505.5
0.986 513.0
I
! RUN 42 a * 3. 23 ±  0.04
Expt. Data Data, used in  methods
a T B G F - j
smoothed d a ta  ]
a T 1
0.037 423.5 0.144 45 8 .Ci
0.067 440.5 1 0.180 4 6 2 .il
0.106 449.0 1 0,219 466.0
0.139 457.0 1 1 0.262 470.0
0.201 465.0 : 1 1 0.318 474.0
0.299 472.5 1 1 0.380 478.0
0.369 477.0 1 0.448 482.0
0.437 481.5 1 0.530 486.0
0.522 485.0 0.640 490.0
0.612 489.0 1 0,748 494.0
0.705 492.0 1
0.792 496.5 1
0.884 502.0 1
0.927 506.0 1
0.945 510.0
0.951
1! ■
514.0
— , — i----------
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TABLE 18
CARBON MONOXIDE LOSSs CALCIUM OXALATE
RUN 41 a  = 6 . 59 - 0 .06
Expt. D ata D ata used  in  methods
a T B 1 G ! E1i smoothed d a ta1 a. T
O.O45 431.0 1 0.131 470.0
O.O65 448.0 1 0.152 474.0
0.114 466 .O 1 1 0.181 478.0
0.156 474.0 1 1 0.220 482.0
0.227 482.5 1 1 0.270 486.0
0.338 491.0 1 0.326 490.0
0.474 499.0 1 0.390 494.0
0.634 506.5 1 0.459 498.0
0.831 514.0 1 0.540 502.0
O.95O 525.0 1 0.621 506.0
0.977 531.5 1 0.726 510.0
0.989 563.0
RUN 97 a = 3. 66 t 0.15
Expt. D ata D ata used in  methods
a T B Or P
O.O46 395.3
0.066 412.6 1
0.113 429*5 1
0.163 437.2 1 1 1
0.202 441.6 1 1 1
0.258 447.0 1 1 1
0.350 451.7 1 1
O.469 457.4 1 1
0.613 462.8 1 1
0.739 466.3 1 1
O.846 468.9 1 1
0.914 471.8 1 1
0.984 477.8
1.000 492.8
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TABLE 19
CARBON MONOXIDE LOSS
STRONTIUM OXALATE 
RUN 62 a = 3 .26  ± 0 .03
Expt.
1
Data Data used in  methods
a T B G ! P
1
0 .042 446.1
0 .072 462 .6 1
0.100 470.6 1
O.147 477.4 1
0.178 480,5 1 1 1
0.212 484 . I 1 1 1
0.255 488.1 : l 1 1
0 .300 492.8
0.361 497.4 1 1
0.425 501 .0 l 1
0.494 505.2 . 1 1
O.586 509.6 1 1
0.672 513.2
O.76O 516.9 1 1
O.845 520.7 1 1
O.9O6 525.0 l 1
0.947 532.5
0,948 540.8
O.952 555.3
j BARIUM OXALATE
RUN 64 a = 3.33 - 0 .05
Expt. Data Data used in  methods
a T B G P
O.O44 445.1 1
0.076 462 .0 1
0.132 478.2 1 1 1
0 .192 484 .8 1 1 1
0.263 494.0 1 1 1
0.320 498.3 1 1
0.397 503.0 1 1
O.487 507.7
0.592 511.8 1 1
0.708 515.3 1 1
0.801 519.3 1 1
0.877 522.7 1 1
O.926 526.0 1 1
0.957 530.2
O.98I 535.0
O.982 542.9
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TABLE 20
CAR330B DIOXIDE LOSSs CALCIUM OXALATE
RUB 20 a = 0 .83  - 0.01
Expt* Data Data used in  methods
a T B G P
smoothed d a ta
a T
0.045 663.5 0.145 686.0
0.074 671.0 1 0 .182 692 .O
0.109 679 .O 1 0 .226 698 .O
0.150 687 .0 1 0 .270 704.0
0.204 695 .O 1 1 0.319 710.0
0.266 703.0 1 1 0.375 716.0
0.335 711.5 1 0.433 722.0
0.417 720.0 1 O.509 728 .0
0 .464 724.0 0 .608 734.0
0.534 729.5 1 O.709 740.0
0.594 733.0 1
0.653 737.0 1
O.714 740.5 1
O.786 744.0 1
O.878 749.0 1
0.954 753.0
O.995 758 .0
RUB 72 a = 1 .5 2  ± 0.03
. Ebrpt, Data Data used in  methods
a T B G P
' 0.061 661.5 1
0.099 677.3 1
0.161 693.0 1 1 1
0.197 701.2 1 1 1
0 .242 710.5 1 1 1
0 .2 9 4 719.8 1 1
0.347 726.8 1 1
O.414 733.9
O.507 741.8 1 1
0.595 748.1 1 1
O.689 755.0 1 1
0.806 762.9 1 1
0.911 771.7 1 1
O.99O 779.2
1.000 786.3
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TABLE 21
CARBON DIOXIDE LOSSs CALCIUM OXALATE
RUN 17 a = 1.55 :• 0 .01 i
Expt. Data Data Used in  methods
a T B G F
smoothed d a ta
a T .
0.059 667.5 1 0 .153 700.0
O.O97 683.5 1 0 .172 704.0
0.151 699 .O 1 1 0.193 708.0
0.246 716 .0 1 1 0.217 712.0
0.271 720.5 1 0.243 716.0
0.294 722.0 1 0 .270 720.0
0.319 725.0 0 .300 724.0
0.347 730.5 0.330 728.0
0.381 734.5 1 0.361 732.0
0.412 738.0 0.393 736.0
0.450 742.0 1 0.431 740.0
O.487 745.5 0.471 744.0
0.544 749.5 1 0.513 748.0
0.593 753.0 O.565 752.0
0.638 756.0 1 0.620 756.0
0.688 761.5 0.677 760.0
0.744 765.5 1 0 .732 764 .O
0.800 769.5 1
O.884 774.0 1
O.942 778.5
O.982 782.0
O.983 786.5
RUN 15 a = 2.87 -  0 .02
Expt. Data Data used in  methods
a T B G P
1 smoothed d a ta
a T
O.O44 684.0 0.150 728.0
O.O69 697.5 0.189 736.0
0.106 714.0 1 0.236 744.0
0.130 722.0 1 0.289 752.0
0.157 729.0 1 1 0.350 760.0
0.201 738.0 1 1 0.409 768.0
0.243 745.5 1 1 O.484 776.0
0.288 752.0 0.579 784.0
0.336 758.5 1 0.681 792.0
0.389 765.0 0.782 800.0
0.450 772.0 1
O.488 776.0
0.540 781.0
0.582 784.0 1
0.626 787.5
0.670 791.0 1
0.717 794.5
0.763 798.0 1
©*8®7 802.0
0.875 806.0 1
0.923 810.5 1
0.962 813.5
0.985 817.0
0.987 833.0
...
i
1
TABLE 22
CARBON DIOXIDE LOSS: CALCIUM OXALATE
RUN 52 a = 2 .9 4  t 0.03
Expt. Data D ata used in  methods
a . T B G F
O.O46 675.6
0.074 690.5 1
0.110 705.9 : 1
0.161 720.5 1 1 1
0.194 729.1 1 1 1
0.233 736.9 1 ; 1 1
0.277 743.9 1
0,328 750.4 1 1
0.382 757.8 1
0.445 766 .0 1 1
0.526 772.0 1 1
0.613 ,779.0 1 1
0.710 '787.2 1 ■ 1
0.813 796.0 1 1
0.920 802.6 1
0.972 811.1
0.973 825.5
.RUN 34 a = 2.95 - 0 .01
L E p t. Data Data used in  methods
a B G F
0 .032 675.0
0.058 :692.5 1
0.091 708.0 1
0.136 724.0 1 1 1
0.219 740.0 f 1 1 1
0.308 753.0 1 1 1
0.414 768.5 1 1
0.576 783.5 1 1
O.656 791.0 1 1
0.745 797.5 1 1
0 .862 806.0 1 1
0.955 813.0 1 1
0.985 821.0
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TABLE 23
CARBON DIOXIDE LOSS: CALCIUM OXALATE
RUN 51 a = 3 .02  - 0 .03
Expt. D ata D ata used in  methods
a T B G P
■ !
O.O46 668.6
0.071 685.7 1
0.107 701.6 1
O .I64 717.5 1 1 1
O.I95 ; 724 .0 1 1 1
0.230 733.5 1 1 1
0.274 742.1 1
0.318 748.2 1 1
0.371 756.7 1
0.433 765.2 1 1
0.512 773.1 1
0.594 779.6 1 1
0.678 785.5 1 1
0.776 794.0 1 1
0.879 799.5 ; 1
O.96O 8O7 .8 1
0.979 817.1
0.980 824.6
RUN 8 a = 3.98 -  0.07
Expt. Data Data used in  methods
a T B G P
smoothed d a ta
a T
0.058 704.0 0.150 740.0
0.079 714.0 1 0.175 746.0
0.106 726.0 1 0.200 752.0
0.135 736.0 1 0.227 758.0
0.170 745.0 1 0.258 764.0
0.209 753.0 1 : 1 0.293 770.0
0.266 765.0 ; 1 1 0.332 776.0
0.329 775.0 0.386 782.0
0.396 783.0 1 0.442 788.0
O.478 791.0 ■ 1 0 .5 0 0 794.0
O.525 796.0 1 0 .550 800.0
0.585 8O4 .O 0.608 806.0
0.645 810.0 1 0 ,680 812.0
0.719 814.0 1 0.773 818.0
0.771 .818.0 1
0.832 822.0 1
0.898 830.0 1
0.958 835.0
0.983 839.0
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TABLE 24
CARBON DIOXIDE LOSSs CALCIUM OXALATE
RUN 19 a = 4.82 - 0 .0 4
Expt. D ata D ata used in  methods
a T B G F
smoothed d a ta
..a 1 T
0.041 697.0 0.137 736.0
0.062 =709.0 1 0 .168 744.0
0.092 721*0 1 0.204 752.0
0.130 734.0 1 0.246 760 .0
0.184 747.0 1 1 0 .290 768.0
0.263 760.5 1 1 0,341 776.0
0.330 774.5 1 0.398 784.0
O.4I 8 785.5 1 O.469 792.0
0.527 797.5 ; 1 0.554 800.0
O.596 8O3 .O O.646 808.0
0.658 808.5 1 0.735 816.0
0.723 815.5 ; 1
O.796 821.5 1
O.875 827.0 1
0.941 ■832.5 1
O.976 839.0
0,980 869 .O
RUN 11 a = 5.84  -  0.03
Expt. Data Data used in  methods
a T B G F
smoothed d a ta
a T
0.061 714.0 0.136 740.0
0.078 720.0 0,158 746.0
0.097 728.0 1 0.182 752.0
0.121 736.0 1 0.211 758.0
O .I46 742.0 1 O.246 764.0
0.174 750.0 1 1 0.280 770.0
0.214 758.0 1 1 0.321 776.0
0.259 766 .O 1 1 0.362 782.0
0.305 774.0 0.407 788.0
0.356 780.0 1 O.46I 794.0
O.4O8 788.0 0.512 800,0
O.467 794.0 1 0.570 806.0
0.535 802.0 1 O .64O ■812.0
0.619 810.0 1 0.719 818.0
0.695 816.0
0.772 823.0 1
0.856 831.0 1
0.946 839.0 1
0.985 847.0
0.990 864 .O
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TABLE 25
CARBON DIOXIDE LOSSs CALCIUM OXALATE
RUN 40 a = 3.05 t  0 .02 RUN 43 a - 3.30 t  0.02
Expt. D ata D ata used in  methods E xp t.
.........
Data D ata used in  methods
a T B G P a T B 1 G E
smoothed d a ta smoothed dats
a T a T
0.058 655.0 1 0.152 686.0 O.O56 654.0 0.151 686.0
O.O96 670.0 1 O .I96 694.0 . 0.098 671.0 1 0.182 692.0
0.155 686.5 1 1 0.250 702.0 0.128 680.0 1 0.220 698.0
e.217 696.5 1 1 0.309 710 .0 0.163 688.0 1 1 0 .2  66 704.0
0.266 704.0 1 1 0.377 718.0 0.2#5 696.5 1 1 0.309 710.0
0.322 712.0 1 0.451 726.0 . 0 .270 706.0 1 1 0.359 716.0
0.386 720.0 1 0.533 734.0 0.338 714.0 1 0.418 722.0
0.452 728.0 0.618 742.0 O.416 721.0 1 0.487 728.0
0.546 734.0 1 0.728 750.0 . 0.506 730.0 1 0.569 734.0
0.628 743.0 1 0.850 758.0 0.620 738.5 1 0.643 740.0
0.719 749.0 1 0.726 746.5 1 0.723 746.0
0.832 757.0 1 0.835 754.0 1 0.810 752.0
0.928 764.5 1 0.942 763.5 1
0.975 772.5 0.981 77^.5
O.789 780.5
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TABLE 26
CARBON DIOXIDE LOSS: CALCIUM OXALATE
RUN 41 a = 6 .0 1  t  0 .03
------ —
RUN 97 a = 3.08 -  0.03
Expt. D ata D ata used in  methods Expt. Data ! D ata used in  methods
a T B G F a
1
T B G P
smoothed d a ta
a T
0.048 686.5 1 0.144 724.0 O.O47 657.7 1
0.080 703.0 1 0.167 730.0 O.O95 676.4 1
0.130 720 .0 1 0.195 736.0 0.128 685.0 1
0.164 729.0 1 1 0.231 742.0 0.175 692.9 1 1 1
0.271 747.0 1 1 0.275 748.0 0.248 702.4 1 1 1
0.328 753.5 1 0.331 754.0 0.315 710.5 1 1
0.393 760.5 1 0 .388 760.0 0.387 717.1 1 1
0.472 768 .0 1 0.450 766,0 O.467 724.4 1 1
0.569 776.5 1 0.513 772.0 0.581 732.8 1 1
O.644 783.0 1 0.584 778.0 0 .692 741.3 1 1
0.728 791.0 1 O.656 784.0 0.802 747.7 1 1
0.808 798.0 1 0.729 790.0 0.932 755.7 1 1
0,904 806 .5 1 0.797 796.0 0.998 764.1
O.966 814.5 1.000 771.8
0.984 822.0
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TABLE 27
CARBON DIOXIDE LQSSs
STRONTIUM OXALATE
RUN 62 a = 3 .00  -  0 .02
Expt. D ata Data used in  methods
a T B G F
;
O.O43 850 .8
O.O64 867.5 1
0.091 883 .0 1
0.128 899.0 1 1 1
0.187 916.1 1 1 1
O.256 930.2 1 : 1 1
0.336 944.5 1 1
0.384 951.9
0.437 958.2 1 1
0.497 967 .6 >
0.581 975 .1 1 1
O.654 982.6
0.733 989.8 1 1
0.810 997.7 1 1
0.888 1005.1 1 1
0.957 1012.5 1 1
0.985 1021.8
O.986 1036.7
BARIUM OXALATE
RUN 64 a == 2.81 -  0 .03
Expt. Data D ata  used in  methods
a T B G F
I
0.049 969.5
rf
0.071 1001.2 1
0 .114 1035.0 1
0.176 1063.5 1 1 1
0.217 1076.7 1 1 1
0.261 1091.0 1 1 1
'0 .3 2 6 1102.0
0.405 1118.3 1 1
O.469 1129.0 1 1
0.563 1145.4 1 1
0.645 1160.2 1 1
0.708 I I 74 .5
0.761 1188.0 1 1
0.821 1203.5 1 1
0.882 1219.5 1 1
,0 .926 1234.0
0.956 1249.0
0.974 1265.4
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TABLE 28
CALCIUM CARBONATE: MARBLE CHIP
UNGROUNB
run 56 a  = 2 .96 -  0 .02
GROUNB 
RUN 63 a =» 3.03 t  0 .02
Expt. B ata B ata used in  methods E xot. B ata B ata used in  methods
a T B i G | F ............ a T B G Pr
1-.
0.05  6 693.2 1 0.053 691.0
0.086 709.6 1 0.083 707.2 1
0.127 724.0 1 1 1 0.124 724.1 1
0.185 741.5 1 1 1 0.151 733.2 1 1 1
0.265 755.9 1 1 1 0.182 741.1 1 1 1
0.319 764.0 0.219 748.1 : 1 1 1
0.373 772.0 1 1 0,262 756.0 1
0-425 780 .0 0.323 763.5 1 1
0.474 786.9 1 1 0.375 771.1 : 1 1
0.520 793.5 0.437 778.8
O.569 801.4 1 1 0.509 787.3 ■ 1 1
0.633 808.0 O .59O 793.6 1 1
O.69O 815.5 1 1 0.686 8O3 .O
O.748 822.5 0.772 810.0 ; 1 1
0.808 830.0 1 1 0.856 816.2 1 1
0.870 837.2 1 1 0.945 822.9 1 1
0.938 843-9 1 1 1.000 830.5
O.978 851.2 1.002 838.2
1.000 858.8 1.002 845.2
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TABLE 29
CALCIUM CARBONATE: A.R.
w t. 0.0746g 
• HUN 58 a == 3.06  t  0 .01
Expt, Data Data used in  methods
a T B G P
0 .046 668.7 1
0 .072 686.0 1
0.107 702.6 ; 1
0 .160 718.9 1 1 1
; 0 .241 734.5 : 1 1 1
: 0.291 742.8 1 1
; 0.342 •750.1
0 .393 756.9 ' 1 1
: 0.448 764.9 1 1
10.511 772.5 : 1 1
0 .591 780.2 ! 1 1
0 .665 788.0
0.744 '794.9 1 1
0.830 803.9 1 1
0.925 811.2 1 1
0.988 817.1
0.999 824.6
1.000 838.9
wt . 0 .0 3 2 6 g
RUN 82 a  = 3.01 - 0 .0 4
Expt. D ata Data used in  methods
a T B G 3?
0.072 668.3
O.O94 677.3 . 1
0.118 685.7 : 1
0.150 693.0 1 1 1 1
0.184 700 .1 ; 1 1 1
0.227 708 .3 : 1  ^ 1 1
0.278 717.0 1 1
0.344 725.3
O.421 733.0 1 1
0.513 740.3 : 1 1
0.602 747.2
0.687 753.9 ' 1 1
0.776 760.3 ■ 1 1
0.861 768.2  ^ 1 1
0.949 776.8 1 ; 1
O.996 783.0
1.000 792.1 .
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TABLE 30
CALCIUM CARBONATE A.R. CaCOyCaO MIXTURE
75$ CaC03 25$ CaO
wt, 
RUN 84
0 .1730  g .
a  = 3.08 -  0 .02
Expt. D ata D ata used in  methods
a T B G P
0.065 711 .2
0.079 720.0
0.099 729.2 ; 1
0.120 734.7 1
0.142 742.9 ; 1
0.168 749.5 1 1 1
0.201 758.9 1 1 1
0.237 765.3 1 1 1
0.280 773.9
0.329 781,5 1 1
0.385 788.5
O.442 795.8 1 \ 1
0.510 805.8 1 1
0.581 812.5
0.661 819 .2 1 1
0.744 826.1 1 1
0.839 835.9 1 1
O.929 843.4 1 1
O.989 850.5
0.999 859.0
1 .000 874.4
RUN 77 a =
4-
3.10  - 0.02
Expt. D ata D ata used in  methods
a T B G P
0.077 671.2 1
0.098 680.7 1
0.118 689.3 1
. 0.143 697.5 1
0.179 705.8 1 1 1
' 0.219 714.6 1 1 1
0.268 721.7 1 - 1
0.327 7 2 9 .4 1 1
0.397 737.2 1 1
0.470 745.0
0.557 752.9 1 1
0.640 759.5 1 ; 1
0.733 768.3 1 1
; 0.835 776.1 ; 1 1
0.952 785.0 ; 1 1
0.996 789*9
0.999 799.0
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TABLE 31
CaC03 :CaO MIXTURES
50$ CaC03 950$  CaO 
RUN 78 a = 3.09 - 0 .0 4
E xp t. D ata D ata used in  methods
• a T 3 G P
0.056 651.6
0.077 664.5
O.O93 671.2 1
0 .114 681,2 1
0.136 690.0 1
0.166 695.5 1 1 1
0.203 707.3 1 1 1
0.241 716,7 1 1 1
0.282 723.9 1 1
0.339 730.9
0 .411 738.3 1 1
0.485 746.4 1 1
0.573 753.9
0,662 761.0 1 1
O.76I 769.0 1 1
0.858 776.7 1 1
O.967 784.6 1 1
1.000 789.9
25$ CaC03 : 75$ CaO 
RUN 81 a = 3 .25 - 0.02
Expt. D ata D ata used in  methods
a ' T B G P
0 .0  65 648 .O
0.081 658.0
0 .092 665.7 1
0.110 673.0 1
0.134 681.9 1
0.161 689.3 1 1 1
0.189 <696.0 1 1 1
0.227 703.9 1 1 1
0.273 713.2 1 1
0.339 721.4
0.405 729.2 1 1
O.48O 737.9 1 1
0.567 747.0
0.660 '754.0 1 1
0.751 761.1 1 1
0.851 769.1 1 1
O.96I 777.9 1 1
0.997 783.2
0.998 791.9
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TABLE 32
METHYLAMINE HYDROCHLORIDE
RIM 107 a = 1.97 - 0 .03 RIM 110 a = 2.14 - 0.03
E xpt. D ata D ata used in  methods Expt. Data Data used in  methods
a T B G P a T B G P
0.058 195.0 0.039 187.7
0.080 203.1 1 0.086 206.5 1
0,113 213.7 1 0.134 217.2 1
0.135 219.0 1 0.187 227 .O 1
0.173 224.0 1 0 .220 232 .O 1 1
0.203 228.9 1 1 0.262 238.0 1 1 1
0.241 234.5 1 1 1 0.328 243.9 1 1
0.284 239.6 1 1 0.390 249.2 1 1
0.350 245.7 1 1 0.427 252.0 1 1
O.419 250.3 1 1 0.517 257.9 1 1
O.492 254.9 1 1 0.562 260.0 1 1
0.596 259.9 1 1 0.612 263.3
O.643 261.9 1 1 0.675 265.3 1 1
0.763 266.5 0.727 267.5
0.821 268.9 1 1 0.785 270.0 1 1
0.896 271.3 1 0.853 272.0 1
0.959 273.6 0.916 273.9
0.999 276 .0 0.977 276.2
1.000 280.1 1.000 280
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TABLE 33
METHYLAMINE HYDROCHLORIDE (c o n td .)
RUN 122 a = 2 .16 t 0.03
Expt. D ata D ata used in  methods
a, T B G P
0.045 193.0 1
0 .070 203.7 1
0.110 213.9 1
0.133 218,6 1
0.157 223.5 1
0.202 230.5 1 1
0.243 236.5 1 1 1
0 .302 242.1 1 1 1
O.364 247.7 1 1
0.399 251.0
0.489 256.0 1 1
0.535 259.3 1 1
O.648 264.2 1 1
0.700 266.3 1 1
0.756 268.5 1 1
0.892 273.1 1
0.954 274.7
0.999 277.5
1.000 279.2
RUN 123 a = 2 .20 t 0 .0 4
E xp t. Data D ata used in  methods
a T B G P
O.O67 201.1 1
0.126 216.8 1
0.178 227.2 1 1
0.218 233.2 1
0.267 239.5 1 1 1
0.336 245.2 1 1
0.402 251.0 1 1
0.493 256.6 1 1
: 0.587 262.8 1 1
: 0.647 264.9 1 1
0.707 267.0 1 1
O.768 268.9 1 1
' 0.840 271.6 1
0.909 273.8
0.978 276.8
1.000 279.7
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TABLE 34
METHYLAMINE HYDRO CHLORIDE (o o n td .)
RUN 126 a  = 2 ,,24 t 0.04
E xp t.
I
D ata D ata used in  methods
a
1
T B G P
0.037 190.8 1
0.092 211.6 1
O.144 222.1 1
0.177 227.9 1
0 .214 234.0 1 1
0.260 239.7 1 1
0.324 245.2 1 1
0.391 250.9 1 1
0.432 253.9 1 1
0.532 260.3 1 1
0 .581 263.2 1 1
O.642 265.4 1 1
0.760 269.9 1 1
0.831 272.1 1
0.892 274.1
0.959 276.8
0.999 280.1
1.000 282.3
RUN 124 a = 2 . 4«27 - 0 .04
Expt. Data D ata used in  methods
a T B G ! p
0.060 199.5 1
0.120 215.3 1
0 .172 225.5 1 1
0.251 237.5 1 1 1
0.321 243.8 1 1
0.392 249.7 1 1
0.486 255.2 1 1
0.578 261.8 1 1
O.64I 264 . I 1 1
.0 .697 266.2 1 1
0.752 268.3 1 1
0.823 ' 270.4 1
' 0.885 272.4
0.944 275.2
0.997 278.2
0.999 ; 281.2
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TABLE 35
METHYLAMINE HYDROCHLORIDE (c o n td .)
RUN 127 ' a  = 2.07 - 0 .02
E xpt. D ata D ata used in  methods
a T B G F
0.065 202.9 1
0.113 215.4 1
0.174 225.1 1
0.207 230.4 1 1 1
0.247 236.2 1 1 1
0.299 240.8 1 1 1
0.362 245.2 1 1
0.426 250.7 1 1
O.463 253.2 1 1
0.557 258.8 1 1
O.604 262.1
O.656 264.8 ’ 1 1
0.721 267.1
0.780 269.3 1 1
0.844 271.3 1 1
0.919 273.7
0 .982 276 .1
1.000 280.0
RUN 128 a = 2 .22  - 0 .02
Expt.
1;
Data D ata used in  methods
a T B G F
0 .070 201.7 1
0.109 212.8 1
;0 .187 225.0 1 1 1
0 .221 230.1 1 1 1
0 .261 235.4 1 1 1
0.308 241.3 ' 1 1
0.375 247.0 1 1
0.443 252.2 1 1
O.487 255.5
0.542 258.0 1 1
0.651 264.5 1 1
0 .774 268.9 1 1
0.839 270.9 1 1
O.909 273.3
O.969 275.4
1.000 278.8
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TABLE 36
ANILINE HYDROCHLORIDE
RUN 149 a = 1.02 t 0.01 RUN 138 a = 1.87 ± 0 .01
Exp to  . Data D ata used in  methods Expt. Data D ata used in  methods
a ! T B Gr F a T B a F
.H
... -.....
I
\
0.046 j 126.5 ij •.047 129.8 l
0 .068 132.3 S i 0.086 139.4 l
0.100 ( 137.8 1 1 1 0.146 150,7 1 l 1
0.145 t 143*7 1 1 1 0.190 155.5 1 l 1
0.198 » 147*8 1 1 1 0.246 160.0 1 l 1
0.260 i 153.2 1 1 1 0.359 167.0 1 1
0.352 j 158.8 1 1 0.401 169.8 1 1
0.401 | 160.9 0.508 174.3 1 1
0.457 j 163.2 1 1 0.620 178.8 1 1
0.530 | 165.7 0.771 183.5 1 1
0.599 I 168.1 1 1 0.954 188.0 1 1
0.681 j 170.9 1.000 194.1
0.757 j 173.4 1 1
0.831 j 176.8
0.910 179.9 i
1.000 1 187.5 |
! ’ 1 ...............j
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TABLE 37
ANILINE HYDROCHLORIDE (C o n t.)
RUN 135 a = 1 . 99 -  0.01
s
5 RON 153
i
a = 3.28 ± 0 .04  j
a
iExpt Data | Data used in  methods | Expt Data Data used in  methods 1
[ T
B 1 G F | a T........ B " q p ' |' {ft
•!i t
0.041 128.6 1
I
0.039 135.0 1 i
0.075 159.5 1 0.060 143.0 1 j
0.138 150.9 1 1 1 0.094 152.8 1 t;
0.181 155.7 1 1 1 0.148 161.2 1 1 i  i
0.236 160.8 1 1 1 0.234 169.8 1 1 i  !
0.357 168.3 1 1 0.287 174.0 1 i
0.400 171.0 1 1 0.347 178.3 1 i
0.517 176.0 1 1 0.427 183.0 1 i
0.635 180.9 1 1 0.513 187.0 1 i
0.780 185.6 1 1 0.606 190.5 1 i
0.929 190.1 1 1 0.707 194.3 1 i
1.000 196.1 0.830 198.5 1 i
0.954 202.5 1 i
!
1.000 207.8
i -----i 1
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TABLE 38
ANILINE HYDROCHLORIDE (C o n t.)
RUN 152 a
X
= 4 .31  t  o*05 |
i
RUN 148 a = 7.12 +-  0 . 06
Expt, Data Data used iin  methods I Expt. Data Data used in  methods
a 5 " B G ' p i , a T B G P
'
0,040 140 . 0 1 0.025 139.5
0.073 151 .7 1 0.039 147.5 1
0.138 163.5 1 1 1 0.061 155.9 1
0.188 169.4 1 1 1 0.096 164.6 1 1 1
0.242 175.1 1 1 1 0.158 173.4 1 1 1
0.311 181.0 1 1 0.232 183.0 1 1 1
0.400 186.5 1 1 0.343 191.5 1 1
0,496 191.4 1 1 0.480 199.8 1 1
0.614 196.4 1 1 0.671 209.0 1 1
0.751 201.7 1 1 0.968 218.8 1 1
0.921 207.0 1 1 1 1.000 227.7
1.000 213.9 1 1I
--- -----------1
i
1--------------------- 1 i
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TABLE 39
AMMONIUM CHLORIDE
RUN 136 a = 2.17 -  0.05 ’ RUN 125 a = 2.20 i  0 .03
Expt. Data Data used in  methods
{
! E xpt. Data Data used in  methods
a T B , G F < a T B .j G r . F  . . .  . . . . .
i ii
i
0.024 183.4 1 i 0.047 200.2 I i
0.059 203.4 1 | 0.075 210.4 i i
0.093 214.1 1 ; 0.121 220.0 ! 1 ■
0.143 224.5 1 1 1 ! 0.144 224.6 ; 1 1
0.230 235.4 1 1 1 ' 0.170 229.7 1 ' 1 l
0.353 247.8 1 1 | 0.206 235.7 1 i 1 ! 1
0.423 253.3 1 1 i 0.256 241.5 1 ! 1 i 1
0.552 262.2 1 1 10.326 247.1 i  ! ; i
0.592 264.4 1 1 1 0.401 252.3 i  i i i
0.699 269.0 1 1 j 0.494 258.8 1 j i i
0.802 273.3 1 1 1 0.587 264.3 i  ! ! 1
0.916 277.9 1 1 : 0.694 268.9 1 ! j 1
0.997 283.5 j 0.743 271.2 1 ! ! i
1.000 287.0 ! 0.854 276.2 1 J ! 1
i 0.902 278.3 j
: 0.948 281.5 i
1 0.993 284.1 j
!....... .
j  1.000
J
287.6 
—--------
i
1...-----—i-———
1
i
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TABLE 40
P .T .P .E . LOW MOLECULAR WEIGHT
RIM 114 a  == 1.95 t  0 .06
Expt. L a ta L a ta  used in  methods
a T B 0
i
F
O.O48 503.0 1
0.092 513.3 1
0.170 522.7 1
0.207 527.1 1 1 1
0.243 532.8 1 1 1
0.290 537.5 1 1
0.337 540.7 1 1
0.388 545.3 1 1
O.463 548.8 1 1
O.546 555.3 1 1
0.655 561.0 1 1
0.780 567.3 1 1
0.902 571.4 1 1
0.998 583.2
1.000 593.9
RUH 115 a  = 2.14 ± 0.03
P"..... ""
E xpt. L a ta L ata  used in  methods
a T B 0 F11 !\
1i
0.036 499.9 1
0.074 510.9 1
0.142 520.0 1
0.184 524.9 1 1 1
0.225 529.3 1 1 1
0.283 534.2 1 1
0.336 538.8 1 1
0.392 544.2 1 1
O.46O 549.2 1 1
0.541 556.1 1 1
0.643 561.6 1 1
0.760 566.9 1 1
0.927 574.0 1 1
0.995 582.8
1.000 599.3
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TABLE 41
P .T .F .E .  NORMAL MOLECULAR. WEIGHT
RUN 117 a  = 2 .00  t  0 .0 4
Expt. D ata D ata used in  methods
a T B G F
0.018 485.9
0.037 498.5 1
0.076 510 .0 1
O .I46 518.8 1
0.187 523.1 1
0.231 528.3 1 1 1
0.296 532.8 1 1
0.356 537.3 1 1
0.435 541.0 1 1
0.505 545.7 1 1
0.586 551.0 1 1
0.655 556.6 1 1
0.741 561.7 1 1
0.820 568 .0 1 1
0.913 573.0 1 1
0.947 575.9
O.996 581 .2
1.000 583.0
RUN 116 a = 2.06 i  0 .0 4
i Expt.
' r
Data i D ata used in  methods
a T B G p
0.035 498.5 1
O.O67 509.9 1
0.134 519.3 1
0.173 523.6 1
0.219 529.0 1 1 1
0.284 534.1 1 1
0.349 538.7 1 1
O.429 543.5 1 1
O.5O6 548.2 1 1
0.593 553.0 1 1
0.666 558.8 1 1
0,754 564.6 1 1
0.795 567.8 1 1
0.891 573.0 1 1
0.963 579.1
1.000 586.0
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TABLE 42
CARBON OXIDATION POLYSTYRENE
RUN 132 a = 2 .20
•1*
-  0 .0 3
Expt. D ata 1 D ata used in  methods
a T G P
O.O46 4 64 .8
0.066 4 86 .2 1
0.107 510.9 1 1 1
0.149 521.3 1 1 1
0.193 530.7 1 1 1
0.252 541.0 1 1 1
0.345 552.4 1 1
0.394 557.8 1 1
O.450 564.6 1 1
0.520 570.4 1 1
0.584 575.9 1 1
0.707 584.4 1 1
O.742 586.6
0.810 590.7
0.880 593.3
0.926 597.5
O.956 600 .4
O.98O 6O4 . 8
0.999 607.9
1.000 6 11 .0
RIM 53 a = 1.94 i  0.03
E xo t. Data D ata used in  methods
a T B G P
O.O44 327.0
0.054 338.0
0 .072 350.0 1
0 .110 359.0 1
0.138 363.7 1
0.178 369.2 1 1 1
0.233 375.0 1 1 1
0.311 380.0 1 1
0.359 382.2 1
O.4O6 384.2 1 1
0.463 387.0 1
0.526 389.4 1 1
0.591 391.2 1
0.653 393.3 1 1
0 .718 396.0 1
0 .781 398.2 1 1
0.831 401.3 1 1
0.881 404.3 1
0.917 407.1 1
0.943 410 .2
0.971 416.2
0.982 421.8
0 ,988 427.2
0.991 431.7
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4«3. Tables o f k in e t ic  param eters 
TABLE 43
K in e tic  param eters from 4 runs on methylamine hydroch lo ride  
a  comparison o f th e  seven methods
Run No. 122 . 123 124 126
Method n E n E n E n E
A4
1 - 0 .05 19.3
r
- 0 .07 20.2 -0 .05 19.5 -0 .08 20.4
B4
-0 .0 6 19.2 -0 .08 20.0 : -0 .06 19.5 -0 .1 0 20,1
°4
- 0 .03 19.8 -0 .03 20,9 -0 .03 20 . 1 ; - 0 .0 4 21.1
D4
-0 .08 18.5 -0 .11 1 9 .2 -0 .09 18,7 -0 .1 3 19.3
E4 ,
-0 .10 18.4 - 0 .1 4 19.1 -0 .11 18.5 -0 .16 19.2
E - 0 .2 4 15.5 - 0 .4 0 14.4 -0 .16 1 6 .0 - 0 .3 0 1 5 .0
G ! 16.4 16.2 17.6
. ... . ......
16.9
The v a lu es  of E a re  in  k c a l./m o le .
In  ta b le  44 method B y  t  means ^  and T means ~  va lu es  from 
hand-smoothed D.T.G. curves.
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WATER LOS SIS
— r -
tu n  j
! i\Q o' '
H eating
Rat©
u sin g  r a t e  eq u atio n = k ( i - a ) aat v ;
METHOD B
•C/n&n. h \ B , I B ! ^ 4
iWIMOTh i
n B n 15 j n 1 ■ j n 22 ■ 1
j 21 0 .9 1 £ O » 0 .1 6 1 6 .9
4*
0 .6 0 20 1 6 .8
+
2 .3  t . 0 . 2 0
'
;
1 7 .7
4* !
0 .6 ' 0 20 1 7 .5
+ 0 .1  2 1 .2
+
12 1 .0 6 0 .0 1 0 .30 1 7 .3
4*
0 .7 0 28 2 0 .6
4*
3 . 7 j 0 32 1 9 .8
•f
0 .2  I 9 .3
4
: 72 1 .7 2
+ 0.06 0 .6 6 3 0 .4 + 0 .5 0 68 2 0 .4
+ 1 . 8 0 80 24. I
4*
0 .1  2 1 .4
4
10 2 .0 2 £ 0 .09 0 .4 8 2 1 .0 0 . 7 0 06 2 1 .6
+
1 .6 4 q 03 2 0 .0
+■
0 .1  1 5 .4
4*
34 3 .0 3
+ 0 .05 0.70 2 4 .4
+ 0 .6 0 4 3 1 7 .8
4*
0 .9  t . 0.48 1 9 * 6
*f*
O .i: 0 4*2 1 5 .5
4.
0 . 1 1 1 7 -6
51 3 .2 2
+
0 .0 1 0 .6 4 2 2 .0
+
0 .7 0 63 2 1 .9
4* 0 .8  t . o . 64 1 9 .4
4
0 . 1 0 48 1 7 .7
-s*•» 0 .2 ; 2 4 .1
+
52 3 .3 1
+ 0.03 0 .4 0 1 6 .0 4*«» 1 . 0 0 30 1 4 .6
+ 1 .7  t . o . 60 1 8 .6
+
0 .2 0 46 1 8 .1
4*
0 .2  24*2
+
m
i 1 4 3 .4 8
+
0 .03 0 .4 4 1 6 .2
•f
0 .5 0 68 2 0 .9
+
2 .4  i
'
0 58 1 7 .3
4*
0 .1  1 6 .4
•S’
i 8 4 * 3 6
+
0 .0 8 0 .7 4 2 0 .9
•4-
tm 0 .8 0 90 2 0 .5
4-
0 . 7 ; 0 80 1 8 .0
4*
0*1. 2 0 .5
4*
; 1 8 5 .4 3
+
0 .0 3 0 .3 3 1 3 .6
+
0 . 4 0 5 3 1 8 .0
4*
2.41 0 4 0 1 3 .9
4*
m 0 .1  1 6 .0 4*
11 6*07 jh 0 4 0 0 .6 8 1 7 .7 £ 0 .6 0 96 2 1 .8
4* 0 .3  t . o . 72 1 8 .6 4 0 .5  0 7 4 1 6 .1
4* 0 .1  1 5 .8
4*
: 43 2 .7 3
+
0 .0  6 0 .5 6 2 4 .1 1 . 4 0 98 ! 3 4 .9
+
1 . 9 0 7 0 2 3 .5
4* 0 .1  2 1 .8
+
42 2 .8 9
4*
0 .C 5 0 .4 0 1 6 .6
+
1 . 2 i 0 72 1 2 3 .6
4*
2 .3 0 64 1 9 .6
4-<■> 0 .1  2 0 .7
4*
i u 6 .4 4
4*
0 .0 4 0.76 2 0 .5
+
0 .5 0 9 4 ! 22.9
4*
0 .9 ; 0 64 1 6 .0
4* 0 .1  15 .1
4**»
1 S7 3 .2 0 £ 0 .0 2 : 0 76 : 26.8
4*
1 . 9 0 46 1 9 .8
4**» 0 .2 : 2 0 .3 £
69 3 .3 4
+
0 .0 2 2 .0 0 6 8 .5
+
1 . 3 1 83 6 1 .9
+
2 .5 : 1 28 44 .8
+ 0 .1  3 2 .0
+
62 3 .3 3
4*
0 .0 2 0 .9 8 23.2 + 1 . 0 1 06 2 5 .3
+
1 * 2 0 88 20.9
4*
0 .1  2 5 .5
4*
64 3 .3 3
+ 0•0 1 .4 2 4-0.0
+ 3 .2 1 38 4 0 .2
+
3 . 7 0.92 2 8 .8
4* 0 .1  3 2 .8
4*
C i U B O i f  y i m o i i m  l o s s e s
Em
Mo*
Boating 
late* j
i -r—r |- - Using rate equation § r  =
I 
i 
| 
0ir-|
EEffiHOD B
•C/iaia* |
% B2 3L5 \
1 n S n 1 n £ . B s E
13
+ 10.92  -  e .0 4  [0.98 64.0  -  3.3 0.54 53.1  -  10.0 jo.20 42.4 ■* 0*2 50*9
12 1 .0 4  i  0.03  ! 1 .24 92.9 ;  9.7 I 0*53 51.1 i  0 .4 55*5
72 1.72  i  0 .04  *1 .0 4 75.8 -  2.9 1.56 111.8 -  6.9! jQ*74 56.1 i '0 .4 40.4
17 2.01  i  0.03  J1 . 0S 82.1  -  2.1 0.96 77.6 -  7.9 A . 46.7  -  0 .4 55*4
10 2.46 *  0.06 {1.16 85.9 -  3.3 1*00 76.2 -  6.8 0.36 43.9 -  0.3 47*2
52 3.41 -  0.16 51.66 111.6 i  1 .5 ; 0.8S 82.0 -  5.9 t 1.36 98,0 -  2. 6 a. 48 50.4 -  0 .4 47*6
15 3.45 -  o . l l  jl.48 106.0 *  3.6 1*08 89.1 -  4.2 2 1.12 |97.1  -  3.3 0.76 59.8 -  0 .4 ,56*4
15 f t  1 . 7 8 1 1 0 .4 -  2.5 ,:
51 3.94  -  0.10 -1.5S 106.2 -  2.7 0.72 67.6  i  1 .3 t I . 601I 06.0 i 3 .2  0.46 46.7  £ .•••7.8
40 3.15 -  0.05 j o . 54 54.0 -  2.5 ' 0 .6 8 . 63.9  -  2.6 ;o.23 38*7 -  0*5 32.1
42 3.23 -  O.0 4  j l .16 80.6 -  4.0 : 1#2S 85.0 -  4 .7 ’0.62 47,9  £ 0 .4 45*1
U 6.59 -  0.06 { l.4 4 89.6 -  K,5 ' 1.38 87.0 -  3.1 I j0.96 58.8 *  6.2 30*0
97 3.66 -  0.15 | 0.68 85.6 -  5 .7 S0 * O 0 49.3 £ 0.1 56.0
64 3.33 -  0.05 j l.1 0 86.8 -  3.3 0.78 72.8 ” 6.1 0*24 46.7 £ 0.3 *7.2
| X 1 .'iirjBW; -••itbuiwcv
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CARBON DIOXIDE LOSS
Run
No*
Heating
Eat®
using rat© equation » k(l~a
ESTHOD B METHOD
’ 0C/min. LX B2 B3|||(  ^ | ...
' j
I | n B a B n | E
4
n 1 •E
20 0.83  -  0.01 1-0.18 31.0 -  3.S 0.06 46.5  £ 4 .1 0.02 47.8 £ 0.1 69 .2  -
72 1.52  -  0.03 0 .2 0 42.5 *  2.3 O.58 63.5 £ 2.8: 0 .2 6 4Q. 2 £ 0.3 4B.5 “
1? 1.55  -  0.01 j~G«34 21.4 £ 3.3 -0.06 | 3 0 .4  £ 5.0 0.12 39.6 -  0.2(49.8 -
15 2.87 i  0.02 S 0.12 3S.0  £ 3.2 0 .42 51.1  £ 1 .7 0.24 ■41.1 £ 0.3148.7 £%
52 2.94  -  0.03 1 0.22 45.8 -  1.2 0 .30 51 .4  £ 4 .3
j
0.16 39.3 £ 0 .3 |44 .3  £If
54 2.95 -  0.01 j 0 .12 34.7  -  3 .4 0.12 35.1  £ 2 .8 j 0 .13 38.5 r  0 .3 :50.2 “
51 3.02 -  0.03 0 .5 0 45.2 ~ 1 .4 0 .38 52.0  £ 5 .4 ■ 0.03 37.0  i  0 .1 ;44-.3 i
8 3 .98  -  0 .07 0 .28 45.7 -  4.1 0 .8 4 76.2  £ 8 .3 0.36 U o l -  0 .3 145.0 “i
15 4.82 -  0.04 j 0 .1 4 31.3 -  3.3 0 .12 34.9 £ 4 .8 0.16  . 37.4 “ 0 .2 (5 1 .9  -
11 5.84 -  0.03 0 .12 29.6 -  1 .8 0 .2 4 3 5 .9  £ 1 .6 jO.2 6 37.0 -  0 .3149 .0  “
40 3.05  £ 0.02 0 .02 21.5 £ 3 .4 0.18 3 4 .5  £  3 .9 0.33 42.3 -  O.2 J52.4  ~
43 3.30 -  0.02 1 0 .4 4 50.3 -  2.3 0.62 60.3  £ 2 .5 0.40 43.4 -  0 .4149 .1  *
41 6.01  £ 0.03 0 .2 6 32.1 £ 4 .1 0 .58 49.6 £ 2.7 0.58 47.6 -  0 . 4J5I .6  -
57 3.08  -  0.03 0 .1 4 38.0  -  2 .9 0 .28 46.2 -  0.4f 63*4  ~
62 3.00  £ 0.02 [ 0.32 50.6  £ 2 .0 0 .3 4 52.5  £ 1 . 3 1 0.30 46.2 -  0 . 4 !55*3 “
64 2.81  -  O.03 1 .40 74.0  -  4 .7 1.62 79.5  £ 4 .0 I .3 6 66.0 -  G.5j45 .5  -
56 2.95 -■ 0.02 | 0 .1 4 19.6  £ 2 .4 0.16 24.0 £ 2 .9 0 .46 32.1  -  0 .3 44 .5  •
65 3.03  -  0.02 | 0 .3 0 42.9 £ 1 .8 0 .22  : 42.5  £ 2 .8 0.20 37.9 “ 0 .3 j4 3 .2 -
82 3.01 -  0.04 | 0.52 51.8  £ 2 .0 0.70 62.1  £ 2.5 0.46 42.2 -  0.4149.6 -
58 3. OS -  0.01 j 0.02 23.3 £ 1 .9 0.02 23.1  £ 2 .8 0 .2i± 34.2 -  0 .3 4 3 .4  -
84 3.08  -  0.02 0.22 38.8 £  0 .8 0. 2s 40.7  £  4 .1 0.24 36.0 -  O .3 |44 .0  -
77 3.10 -  0.02 ° . ! 2 34.3  £  2.0 0 .3 4 44.9 £  3.2 [0 .3 2 39.4 *  0 .3 |4 1 .4  -
78 3.09 -  0.04 0.16 39.2  £  2 .5 0 .4 2 1 59.0  £  2 .8 [ o . lO 36.3 *  0 . 2 )3 5 .6  -
r*t
CO 3.25 -  0.02  ^ O .3O
f |
45. 5 1 2.2 0 .3 0 1 44.0  £ 1 .9 [0.22
t
------ -- ------------ ~ J L — —
35.0 -  0. 3 (39.2  -
i
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omimc r e a c t i o n
Pom
No*
107
110 
122
123 
126
124 
12? 
123 
149 
138 
155 
153 
152 
148 
148- 
136 
123
114
115 
117
116 
132
53
PoylQ
OMCTS
PTPS
i_
He a,ting 
Eat©
using rate equation | j  = k ( l-a )1
METHOD B
B1
Oifmrunmrnyui
2
1497 -  
2*14 -  
2.16  *  
2*20 -  
2.24 -
2.27 S 
2 . 0? - 
2 .22  -  
1.02 -  
1.8? - 
1.99 -
3.28  -  
4.31 *  
7.12 t
0.03
0.03
0.03
0.04
0.04  
0.04  
0.02 
0.02  
0.01 
0.01  
0.01  
0.04 | 
0.05 
0*06
2.17 -  0.05 
2.20 *  0.03  
1.95 -  O.OS 
2.14 -  0.03
2.00  £ 0.04  
2.06  £ 0.04  
2.20  -  0.03  
1 .94  -  0.03
1 s Results
3.00  -  0.0  
3.00  i  0.0
-0.06  117.31
O.OS 117.1 
0.08 | 17.3  
•0.04 115.3
0.04  [17.6  
0.20 119.1
0.34 119.8  
0.08 117.1
0.26  j18.9
0.10  j15.2
-O.OS 12.6 
-0.26  11.5
\
0.02 | 11.6  
0.62  | 24.5 
0.32 J 61.7 
0.14 38.1
t
t
4-
+
t
*
1*4
1.5
1.1
1.2
1*2
1.7
0 .8
0 .7
0.8  
0.6  
0*5 j
0.5 r
■ E
i . o i  
1 . 1 1 
3 . 1 1
3*1 [■
1
0.10
-0.14
-0.12
-0.06
-0.40
-0.26
-0.38
•Cf.42
0.32
4 o o
0.12
0.16
.. j
0. 0 4 !
-0.08 |
v: ' I f-
•0.06  | 
0.48 | 
0,08 | 
-O.32  |
-0.33
23.9
18*4
17*9
20.2
13*5
17.0
11.3 
13*1
20.4  
16.1  
17*3 
17.8 
16.1 
13*4
13.8
25.0
44*9
13*6
19.6
t
+
+
+
+
mm
t
4*
t
4-
mm
+
+
*$*
t
t
+
+
B.
n
0.7
1*7
i . 8 t S a 2
2 06)
E
18.3 * 0.3
2*0j
2.3!ij
2*4|
l*2f
1 .4
i*oj 
0. 7!. V 
0*6
1. 0 ^0*2811 .1  -  0*2
1.4
1*4
8*95
4*4 
6 A
0.22 ; 34.0 -  2*8(-0*10 
1.22 i 74.5 1 .4  i 1 .7 4 1E ' t
24.6 1 1.9! 
99.3 1 3.0;
+14*4 0*3
0.02 j 10.5  
0.66  [ 52.8
0.45 0*02 ! 10*5
2 .5  0 .66  ; 52 .8
_ L _ L .
0*4
2.5
B4
"T 
n ! 1
- 0.04 19*9 15.3 -
- 0.06 18.2 -  0.1 15.2 £
—0* 06 j 19* 2 16.4 £
-0.88 19.9 16,2  £
-0*10 20.2 16.9  £
- 0.06 19.5 17.6  £
0*08 17.2 * 0,0 17.6  £
*0.08 18.1; -  0.1 16.6 £
0*12 18.0 £ 0.1 20.6  £
0.06 16.8 -  0.1 17.0 £
0.10 1S.5  £ o . i j 17.1  £
0.10 15.9  -  o . i j 16.6  £
0.04 16.0 £  0 17 .4  £
0.06 ;15.8 -  0 17.6  £
0.02
0.12
0.06
0*04
0.88
0*66
0.16
1.10
METHOD
B
16.3 £ 0 18.0 
1 0 118* 0 
-  0.1  6S.9
17.0  
39.6
37,5  -  o .lj 75.7  
49.9  
4-4.9
-  0 .2 j75.0
-  0.4(73.2  
30.2  -  O.l! 27. I
-  O .lj35.0
0
0.721
57.8
11.1
50.6
- 0.0jil.5
-  0 . 4! 80.8 l-f
 
» + 
1+ 
14
- 
I*?
* 
1+ 
1+ 
14
* 
14
* 
14
*
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S E C T I O N  5
DISCUSSION
- 148-
5 .1 . In tro d u c tio n
In  th e  f i r s t  in s ta n c e , s tandard  re a c tio n s  were req u ire d  o f known ■
n and E param eters on which th e  equations derived  in  s e c tio n  3 could be
te s te d  and th e  most s u i ta b le  d e riv a tio n s  chosen, befo re  th e re  could be
any thought o f app ly ing  th e  d e riv a tio n s  to  unknown system s. This proved
to  be a m ajor problem.
The f i r s t  s tan d a rd  chosen was calcium  o x a la te  monohydrate (v id e  in f r a )
38
and th e  r e s u l t s  were compared w ith  those  of Freeman and C a r ro ll ,  C loser 
exam ination o f th e  re a c tio n s  showed th a t  they  were more com plicated than  
was f i r s t  th o u g h t, consequently  some sub lim ation  re a c tio n s  were se le c te d  
as s ta n d a rd s , Methylamine and a n i l in e  hydroch lo rides and ammonium 
c h lo r id e  were chosen, s in ce  i t  was to  be hoped th a t  r e s u l t s  on th ese  
compounds could  be in co rp o ra ted  in to  th e  work on amine c h lo ro p la t in a te s ,  
a lthough  th e  energy param eters derived  under th e  experim ental co n d itio n s  
used  in  th e  p re sen t work a re  d i f f i c u l t  to  c o r re la te  w ith  known thermo­
dynamic d a ta ,
5 ,1*1 . Iso therm al s tu d ie s  on methylamine hydroch loride
Five runs a t  d i f f e r e n t  co n stan t tem peratures were perform ed w ith  
th e  same therm obalance, n itro g en  upflow co n d itio n s , c ru c ib le  and w eight 
o f s t a r t i n g  m a te r ia l as were used in  th e  non-iso therm al s tu d ie s .  The 
a -tim e  curves a re  shown in  F ig . 17. The s t r a ig h t  l in e s  confirm  ze ro - 
o rd e r k in e t ic s  and th e  slope  o f each l in e  i s  equal to  th e  r a t e  c o n s ta n t.
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A p lo t  o f log^^k a g a in s t ^  (F ig . 18) gave a s t r a ig h t  l in e  
from th e  s lo p e  o f which th e  energy term  E f o r  the  r e a c t io n  was 
found to  he 17,6 i  0 ,3  k  c a l./m o le .
5 .1 .2 ,  Comparison o f th e  seven methods derived  in  S ec tio n  3 ,1 .
The co n d itio n s  used in  th e  iso th erm al runs were now d u p lic a ted  
f o r  th e  n o n -iso therm al ru n s , th e  only d if fe re n c e  being , of cou rse , the  
s te a d i ly  in c re a s in g  tem p era tu re . Before decid ing  w hether th e  energy 
param eters from iso th e rm a l and non-iso therm al s tu d ie s  were eq u iv a len t, 
i t  seemed d e s ira b le  to  e s ta b l is h  which of th e  d e r iv a tio n s  developed in  
s e c t io n  3 ,1 .  would be l ik e ly  to  y ie ld  th e  most r e l i a b le  r e s u l t s .
I t  was p o in ted  out in  s e c tio n  3 .3 . th a t ,  f o r  methods A,B,C,D and 
da ^aE, a c c u ra te  v a lu es  o f and would be re q u ire d . The v a lues o f 
dec o b ta in ed  u sin g  p rocess 4 were shown to  smooth th e  D.T.G. curve 
o b ta in ed  d i r e c t ly  (p rocess 2) fo r  th e  methylamine hydroohloride re a c tio n  
(see  F ig , 19 ), and thus p rocess 4 was used in  th e  comparison o f the 
f i r s t  f iv e  methods. I t  can be seen in  Table 43 th a t  th e  n and E param eters 
ag ree  reaso n ab ly  w ell w ith in  them selves, and w ith  those  derived  from 
methods F and G. The r e s u l t s  a lso  in d ic a te  th e  re p ro d u c ib i l i ty  o f each 
method on fo u r  runs c a r r ie d  out under id e n t ic a l  co n d itio n s .
However, i t  i s  no t always d e s ira b le  to  use d a ta  t r e a te d  by process
da4 s in c e  th e re  i s  a  su ggestion  th a t  under c e r ta in  co n d itio n s  va lues 
de riv ed  in  th i s  way appear to  be somewhat lower than  those  ob tained
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d i r e c t ly ,  A comparison o f th e  s lopes from p rocesses 4 and 2 (Fig* 19),
shows i f  th e  v a lu es  from process 4 a re  va lid*  This above e f f e c t  and
,2
any b ia s  caused by u sin g  th e  F.D. curve w il l  a f f e c t  v a lues to  ad l
g r e a te r  e x te n t than  v a lu o s ,
J  -y,
Methods A and E (depending on -rr v a lu es) and methods C and D 
2
(depending on and v a lu es) demand accu ra te  va lu es  of th ese  q u a n ti t ie s
in  o rd e r to  g ive  se n s ib le  r e s u l t s  fo r  n and E* Consequently, th ese  fo u r 
methods were n o t chosen fo r  fu r th e r  s tu d ie s  except where i t  was d e s ired  to  
ev a lu a te  p o s s ib le  changes in  n and E w ith  changing a values* This l a t t e r  
in v e s t ig a t io n  was s tu d ie d  u sin g  method A as th i s  i s  th e  l e a s t  su sc e p tib le
to  e rro rs*  Some v a lu es  o f n and E fo r  the  P.T.F*E a re  g iven on p . 176 •
docIn  method B i t  i s  p o ss ib le  to  use d i r e c t ly  derived  values
dct(p ro cess  2 ) ,  s in ce  sm all e r ro rs  in  valuos do no t ap p rec iab ly  a l t e r  th e  
s lo p e  o f a  l i n e  through , say , n ine o r ton  po in ts*  Thus method B was 
w idely  used .
In  method F only  v a lu es  o f a and T a re  re q u ired  and consequently  
th i s  method was w idely applied*
The d e r iv a tio n  o f method G demands th a t  i t  should only  bo employed 
fo r  low a v a lu es  except whore n i s  known to  be zero . This i s  an obvious 
l im i t a t io n  as i s  th e  f a c t  th a t  i t  i s  no t p o ss ib le  to  determ ine th e  value 
o f n . However, th i s  i s  th e  s im p lest method to  apply  and i s  of co n sid erab le  
v a lu e  in  g iv in g  a quick  in d ic a t io n  of th e  k in e t ic s  o f a p a r t ic u la r  
in v e s t ig a t io n ,  a lthough i t  should be s tre s s e d  i t  i s  only approxim ate and
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in d ic a t iv e  o f th e  k in e t ic s  o f th e  system .
For th e se  rea so n s , th e  methods used on th e  m a jo rity  o f compounds 
in v e s t ig a te d  were B,F and G. The va lues o f th e  slope re q u ire d  fo r  method 
B were d e riv ed  from processes 1 ,2 ,3  and 4 . A comparison o f th e  energy 
param eters from methods B ^ B ^ B ^ F  and G (Table 44I>) shows agreement w ith 
th e  iso th e rm a l re s u lts*
5,2* G eneral comments on th e  r e s u l t s  in  Table 44
In  o rd e r to  in v e s t ig a te  the  tren d s  in  the  E and n param eters, no t 
im m ediately  apparen t by v is u a l  in sp e c tio n  of Table 44, th e  fo llow ing  sim ple 
s t a t i s t i c a l  t e s t s  were ap p lied :
( l )  V a ria tio n  o f E and n w ith  h ea tin g  r a te
In  g e n e ra l, a p lo t  of E a g a in s t a , the  h e a tin g  r a te  jShows a 
s c a t t e r  o f p o in ts  from which no tre n d  i s  obvious. I f ,  however, th e  
c o r r e la t io n  c o e f f ic ie n t  o f th ese  p o in ts  i s  determ ined i t  i s  p o ss ib le  to  
t e l l  i f  a l in e a r  r e la t io n  e x is ts  between them. The c o r re la t io n  c o e f f ic ie n t  
i s  d e fin ed  as*
r  = ^ X ( B  -  E) (a -5 )
where 1 = mean of th e  energy param eters,
O' -  s tan d a rd  d ev ia tio n  o f the  energy param eters.
a  = mean o f th e  h ea tin g  r a te s .
O' = s tan d a rd  d e v ia tio n  o f th e  h ea tin g  r a t e s ,  a
n — number o f v a lues o f E a v a ila b le .
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A v a lu e  o f r  = +1 im p lies  a l in e a r  re la t io n s h ip  between E and a , 
and th a t  as a in c re a s e s , E in c re a s e s , A neg ativ e  value  o f r  in d ic a te s  
th a t  as a in c re a s e s ,  E d ec rea se s . The c o r re la t io n  c o e f f ic ie n ts  to g e th e r 
w ith  th e  mean E and n and th e i r  standard  d ev ia tio n s  fo r  methods B^, B^,
B^, G- and F f o r  th e  d i f f e r e n t  re a c tio n s  a re  shown in  Table 45.
( 2 ) Average value  o f E and n fo r  a p a r t ic u la r  run
In  comparing th e  value o f E o r n from one run  w ith  an o th er, 
th e  mean v a lu e  from methods B^, B^, B  ^ and F probably  a ffo rd s  th e  b est 
com parison. The v a lu es  o f E and th e i r  s tan d ard  d ev ia tio n s  determ ined in  
th i s  way a re  g iven  in  Table 46 . Method G was not inc luded  as i t  u t i l i s e s  
a d i f f e r e n t  s e t  o f d a ta , v iz  low a v a lu e s .
96The t  t e s t  was used to  determ ine whether any two values 
o f E a re  s ig n i f ic a n t ly  d i f f e r e n t .  The value  o f t  i s  given by:
where En and E_ a re  the  v a lues o f E and , r>' a re  th e  s tan d ard  d e v ia tio n s . 
1 2  E1 E2
From th e  v a lu e  o f t  and th e  number o f p o in ts  used to  o b ta in  the  va lues of 
E, th e  p ro b a b i l i ty  th a t  th e  two E v a lu es  come from th e  same po p u la tio n  
can be determ ined from ta b le s .  Table 47 shows va lues o f t  c a lc u la te d  
from some o f th e  E v a lu es  in  Table 4 6 , fo r :
(a ) two runs a t  th e  same h ea tin g  r a te  bu t w ith  d i f f e r e n t  atm ospheres, 
e .g .  w ater lo s se s  from calcium  o x a la te  monohydrate in  a i r  and
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and n itro g e n ,
runs on s im ila r  compounds under id e n t ic a l  c o n d itio n s , e .g .
calcium  and s tro n tiu m  o x a la te ,
(4 ) Comparison o f d i f f e r e n t  methods
The F t e s t  can be used to  decide i f  one method i s  s ig n if ic a n t ly
b e t te r  th an  a n o th e r . F i s  defined  a s :
i / n , ! ' . ' - ?  
p  =  — ‘ -------------- g a . . . . .
l / ^
where h^ i s  th e  number o f runs in  method th a t  a re  being  compared w ith  
n^ runs in  method » F i s  always arranged to  be g re a te r  than  one, and 
from ta b le s  th e  p ro b a b il i ty  th a t  th e re  i s  no d iffe re n c e  between the  accuracy 
o f th e  two methods can be determ ined. A comparison o f methods B^ and B^ 
i s  g iven  in  Table 48, As w ith  th e  t  t e s t ,  a low p ro b a b il i ty  (g e n e ra lly  
jfo) i s  taken  as in d ic a t io n  th a t  the  r e s u l t s  a re  s ig n i f ic a n t .  In  both  th e  
* t 1 and *F! t e s t s  th e  hypo thesis  being te s te d  i s  th a t  th e  two va lues being 
compared do n o t d i f f e r  s ig n i f ic a n t ly .
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Change o f th e  E and n param eters w ith  h ea tin g  r a te
R eaction  and 
run  numbers
METHOD E n
mean E ,jrE r E .a mean n {l n r n .a .
; Methylamine B1 17.3 71 ’ 5 0.07 £ 0 .10 )hyd ro ch lo rid e < 17.1 *~2.8 -0 .2 1 1 0.15
122, 123, B4 19 .7 JO.4 -0 .0 8 -  0 .02124 and 126, G4 16.8 io .6
! F 15 .2_ ____ - 0 .7L . _ -0 .2 7
-  0 .10
A n ilin e B, 15.8 -3 .3 -0 .7 8 0.07 2  0.22 -0 .7 8
hyd ro ch lo rid e Bo 16.8 ^2 .3 -0 .7 0 O.O9 7  0.14 -0 .6 1
149,138,135, B* 16.5 r0 .8 —O.64 0.08 £ 0 .03 -0 .5 0
153, 152, G4 17.7 yl.,4 -0 .2 8 4 -
148. 1i F 18.1 £1 .4 -0 .7 0 0.16 -  0 .0 7 -0 .5 2
Water lo s s  from ) \ 19.7 7 4 .7 -0 .2 9 0.51 1 0 .1 9 +0.42
CaCL0'.H20 BP ' 19.5 £ 2 .4 -0 .1 0 0.53 2 0.29 +O.64
2 1 ,1 2 ,7 2 ,1 0 ,3 4 , ! B4 18.0 7 2 .7 -0 .5 8 0.47 ± 0.27 +0.435 1 ,5 2 ,1 4 ,8 ,1 8 ,1 1 . G4 19.3 j3 .3 -0 .3 1
F 22.0 -*4.5 -0 .3 4 0.64 £ 0 .44 +0.27
Carbon monoxide 90*2 ?17.9 +0.83 1.27 £ 0.28 +0.80
lo s s  from b! 81.3 |l7 * 5 -0 .0 4 1.00 £ 0.31 -0 .1 7
B? 49f6 ~ 6 .0 +0.22 0.49 £ 0 .19 +0.23
13,12772 ,17 ,10 , G4 50.8 X 6*° -0 .2 2 -
5 2 ,1 5 ,5 1 . F 58.4
_ . . _ _
-  4 .6 -0 .5 4 0.47 £ 0 .2 3 -0 .6 3
Carbon d io x id e !
r - -
.D - 36.3 X 8 .3 +0.04 0.10 £0 .2 0 +0.44
1 lo s s  from 47 .7 )114*4 -0 .1 1 0.30 £0 .2 7 +0.16j CaC0„ (d e riv ed T?A 39.9 7 3’ 2 -0 .5 9 0.18 £0 .10 +0.44| from C aC -0..) G4 50.1 2 7.2 -0 .3 9
! 2 0 ,7 2 ,1 7 ,1 5 ,5 2 , F 47 .0 £ 5 .4 -0 .26 0.26 ±0 .1 9 +0.16
! 34 , 51 , 8 , 19 , 11 .
i
E v a lu es  in  Tables 45 and 46 i n  k c a l./m o le .
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TABLE 46
Mean E and S,D. o f E*s from methods B^, B^, B  ^ and F.
WATER LOSS CO.LOSS COgLOSS ORGANICS
i Run No. . E • ..Run No. E ....... ... Run. No. E Run No.* ET
j 21 17.9*1*6 13 55.8*10.3 20 45*4*10.6 107 19.2-3*5
12
: 20.6*3*2 42 66.0*19.4 72 4 7 .4 -1 0 ,8 110 17.4-1*2
72 26.2±4*9 40 5 0 .3 -11 .1 17 35.3*12.2 122 17.6*1.4or-t 19*4*3.0 41 71.8*19*3 15 45.0*  7 .7 123 1 7 .5 -3 .0
34 19.8*3*4 62 53*2*10.0 52 45 .6*  4 .9 126 16*6*3.0
51 20.8±2,2 64 64.2*18.9 34 39.3* 6 .5 124 1 7 .9 -1 .7
CMLT\ 1 9 .1 -5 .3 51 4 2 . 6* 7.5 127 15.4*3*6
14 19*0*2.6 8 51.9*16.3 128 14*8*2.8
8 20*4-1.8 19 37.2* 6*0 149 19.6-1*1
18 15.6*2*2 11 37.7* 7 .8 138 17.1-1*0
11 18.5*2.4 40 37.3*12.5 135 17.8*1.2
40 27 .3*5 .3 43 52.3* 7 .2 153 1 6 .7 -1 .3
42 20,4*3*0 41 4 7 .4 -11 .6 152 15.3*1*8
41 19 .7*2 .8 97 47.6*10.4 148 13.8*2.3
97 2 3 .3 -3 .5 62 51.8± 4 .8 136 14*6*2.5
69 54*8*12.3 64 7 2 .7 - 5*6 125 2 1 .5 -3 .9
62 2 3 .4 -  2 .0 56 29.5*10.0 114 47.7-9*6
64 3 5 .8 * 5 .4 63 4 2 *6* 3*8 115 39.6*3.1  -
i 82 5 1 .9 -  8 .1 132 30.6*4.4
58 31.1*10.0 53 69.1-23*4
84 3 5 .1 -  3 .0 0MCTS 11.0* 0 .7
r
S 77 4 1 .9 -  6 .0 PTFE 54.2* 4 .4
i!1 78 43.6*10.4111 81 41.6* 4 .6 . . . .
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TABLE 47
P ro b a b i l i ty  th a t  runs A and B a re  no t s ig n if ic a n t ly  d i f f e r e n t .
VOLATILE run  A co n d itio n s run  B
i
1 co n d itio n s t ■ PROBABILITY
LOST | o f mm A j of run B
h 2 ° 34 ,51 ,52 ,14 s t a t i c  a i r  3°/niin, 40
j
200 m l.N-/m in. 
~ 0  / . 2  
!  3 /m m .
i
1.42 17
H2°
t t » 42 400 ml.ISL/nri-31* 
' ~ 0  / . 2 3 /nun .
0.22 50+
h 2 o i t t t 97 ! 200 m ls .a ir /m in . 
3°/m in.
1.00 50
h 2 ° 11 s t a t i c  a i r  
6°/m in.
41 200 mls.1T /  
m in,6 /min*
0.33 50+
e2° 40 Ca o x a la te 62 Sr o x a la te 0.69 48
h 2 ° 62 Sr o x a la te 64 Ba o x a la te 2.15 5 .7
h 2 ° 40 Ca o x a la te 64 Ba o x a la te 1.13 25
c ° 2
C°2
c ° 2
c ° 2
c°2
15 ,52 ,34 ,51
>1
I t
11
40
s t a t i c  a i r  
3°/m in.
t t
t !
s t a t i c  a i r  
6°/m in 
Ca o x a la te
40 
43 
97
41 
62
200 ml.N /  
min. 3 /m m ,
400 ml .IT /  
m in .3 ° /mi n »
200 m is. a i r /  
m in.3°/in in .
200 m l. IT /m in .
6°/m in.
Sr o x a la te
0.45i
1.19
0.42
0.69
1.08
50+
20
50+
45
55
C°2 40 Ca o x a la te 64 ; Ba o x a la te 2.58 1.5
c ° 2 62 S r o x a la te 64 :
Ba o x a la te 2.80 0.5
I-----
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TABLE 48
P r o b a b i l i ty  th a t  methods and a re  of equal accuracy
LOSS OP ¥ATER CO
l
i co? ORGANTCS jP VALUE 5.99 3.99 1 2.38 2.22 |
PROBABILITY 
------- -
1# 1-5# j 10#
}
10# !
Standard  ze ro -o rd e r re a c tio n s
5 .3 .1 .  N on-isotherm al r e s u l t s  fo r  methylamine hydroch loride
The r e s u l t s  a re  p resen ted  in  Tables 43 and 44D. Runs
122, 123, 124 and 126 were perform ed under id e n t ic a l  co n d itio n s , e .g .
n itro g e n  i n l e t  and su c tio n  r a t e s ,  h ea tin g  r a t e s ,  samples from same
so u rce , id e n t ic a l  c ru c ib le  e tc .  The c o r r e la t io n  c o e f f ic ie n t  cannot
show us much as th e re  a re  only fo u r experim ental p o in ts  and th e  h ea tin g
r a te s  a re  p r a c t ic a l ly  id e n t ic a l .
The fo llow ing  conclusions may be drawn.
( i )  The mean value  of th e  energy terms shown in  Table 45
from methods B^, 3^ and G a re  in  good agreement w ith
th e  iso th e rm a lly  c a lc u la te d  value  o f 17«o -  0 .3
k c a l./m o le , w h ils t method P and method B. g ive low
4
and h igh  v a lues r e s p e c tiv e ly .
( i i )  The n param eter, w ith  th e  excep tion  of th a t  from.method 
B^, tends to  be n eg a tiv e  in s te a d  of th e  expected ze ro . 
I f ,  however, in s te a d  of s e le c t in g  th e  values o f n which
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were j u s t i f i e d  on th e o re t ic a l  grounds, i . e .  0, 2 /3  and 1,
a l l  th e se  re a c tio n s  would have appeared as z e ro -o rd e r . The 
corresponding  energy term s would have been:
TABLE 49
Values o f t he p a ram eter E fo r  methylam ine h y d ro ch lo ride when n = 0 .
\M ETH0D
R T J H \ B1 ! B2 B4
1
F !11
122 15.8*1.2 20.2*1.8 20.5
1
17.1
123 1 6 .o i l . 2 21.3*2.6 21.5 17.1
126 I 6 .8 i l .2 | 21 .0*2.3 22.1 17.0 |
124 15.5±1.8
!
21.6±2.4 20.8 17.1  1
! — I-1—    i—~--------------------------!--------— I1
( i i i )  The s lo p es  ob tained  by process 1, when used in  th e  Erofeev
r a te  eq u ation  gave c o n s is te n t n^ va lues o f -1  and energy terms 
o f 20 k c a l./m o le . However, th e  use o f th e  Erofeev r a te  
e x p ress io n  in  a sub lim ation  re a c tio n  o f th i s  type may no t 
be v a l id  as th e  expression  i s  norm ally derived  fo r  n u c lea tio n  
p ro c e sse s . The energy param eter i s  in  good agreement w ith  
th e  v a lu es  obtained  u s in g  equation  3 .1 .1 .
F u rth e r runs (107, 110) were c a r r ie d  out on methylamine 
h y d ro ch lo rid e , in  which no absorbent (powdered alumina) was used, and th e
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r a t e  o f su c tio n  was no t measured as the  ro tam ete r f lo a t  s tu ck . These 
r e s u l t s  a re  in  good agreement w ith  runs 122, 123, 124 and 126. Runs 
127 and 128, in  which an upward a i r  flow  was used, w h ils t having E and 
n param eters o f th e  same o rd er a re  not in  such good agreement w ith  the  
p rev ious r e s u l t s  ( e .g .  E v a lues from method B2) .
5 .3 .2 .  A n ilin e  hydroch lo ride
Runs were c a r r ie d  out on a n i l in e  hydroch lo ride  a t  d i f f e r e n t  h ea tin g  
r a te s  [ i . e .  runs 149, 135, and 138, 153, 152, 148]. The c o r re la t io n  
c o e f f ic ie n ts  in  Table 45 show a d e f in i te  tre n d  o f d ecreasing  E w ith  
in c re a s in g  h e a tin g  r a t e  a . (n eg a tiv e  c o r r e la t io n  c o e f f ic ie n t ) .  The 
e f f e c t  i s  l e a s t  marked w ith  E param eters derived  from method G.
C arefu l exam ination o f th e  a-T curves (F ig . 20) in d ic a te s  th a t  a t  
th e  slow est h e a tin g  r a te  th e  shape o f the  curve i s  markedly d i f f e r e n t ,  
a  f a c t  th a t  i s  r e f le c te d  in  th e  h ig h e r n and E param eters . A p o ss ib le  
reaso n  f o r  t h i s  could  be th a t  th e  weight lo s s  i s  comprised o f both  
su b lim atio n  and decom position re a c t io n s . The l a t t e r  p rocess becomes 
more im portan t th e  lo nger the  tim e req u ire d  f o r  the  re a c t io n . Consequently, j 
th e  tre n d  in  E and n va lues observed in  methods B^, B^, B  ^ and F in  which 
d a ta  have been taken  over th e  whole range might be expected to  g ive  poor 
agreem ent. However, method G, based on low cl v a lues does seem to  give 
more c o n s is te n t  energy param eters fo r  th e  d i f f e r e n t  h ea tin g  r a t e s .
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5 .3 .3*  Ammonium c h lo r id e
Two runs (125 and 136), a t  approxim ately  2°/m in . h e a tin g  r a t e ,  
were c a r r ie d  out and they  show poor re p ro d u c ib i l i ty  fo r  a l l  methods w ith  
th e  ex cep tio n  o f method G. A s im ila r  argument to  th a t  used fo r  a n il in e  
hyd ro ch lo rid e  could be adduced.
5 .3 .4*  O otam ethy lcyc lo te trasiloxane(p .M .C .T .S . )
55Doyle found th a t  th e  v o l a t i l i s a t i o n  o f O.M.C.T.S, f i t t e d  
z e ro -o rd e r k in e t ic s  and th a t  th e  average h ea t o f v o l a t i l i s a t i o n  (eq u iv a len t 
to  th e  energy term  E used in  th i s  work) was 11.65 k c a l./m o le . in  the  
range 80 to  145°0. Doyle*s d a ta  was used in  th e  methods developed in  
t h i s  work and th e  r e s u l t s  a re  shown in  Table 44D. No tim es were given 
by Doyle, and th u s , in  o rd er th a t  method B^ could be used , tim es were 
c a lc u la te d  from h is  quoted tem peratu res and th e  h ea tin g  r a t e .  The 
h e a tin g  r a t e  i s  e x ac tly  3.00 °/m in . and th e  E and n param eters from methods 
B^ and B^ a re  id e n t ic a l .  (This shows th a t  bo th  methods a re  v a l id  given 
acc u ra te  d a ta ) .  The r e s u l t s  as a whole a re  in  e x c e lle n t agreement and 
confirm  th e  v a l id i ty  of th e  derived  eq u a tio n s .
5 .4 . S tandard  f i r s t - o r d e r  re a c tio n s -p y ro ly s is  o f polymers.
Both Newkirk and Smith assume a l l  p y ro ly t ic  decom positions
55to  be f i r s t - o r d e r ,  and th i s  assum ption has a lso  been made by Doyle and
73Horowitz and M etzger .  I f  th i s  were indeed th e  case such re a c tio n s
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would be id e a l  fo r  t e s t in g  k in e t ic  approaches*
5 .4 . 1 . P o ly te tra f lu o ro e th y le n e  (P .T .F .E . )
Much work has been done on P .T .F .E . and c o n f l ic t in g  r e s u l t s  have 
been reco rded  (see  Table 50).
TABLE 50
Worker r e f . IS?T.G.A. E n
j
atmosphere NOTES
1. Madorsky 
and co~ 
workers
97
98
ISO
ISO
80.5 1 VACTJO Temp.range 
423-513°C
2. Wall and 
M ichaelsen
99 ISO 71^4 0 N2 below 480°C n = 1 above 
510°C
3. Doyle 55 T.G.A. 66-68
*
1 N2
4# Anderson 100 T.G.A. 75 1 VACUO .
tt 83 T.G.A. i
1
5. Reich and 
co-workers
79 ISO
T.G.A.'
1
69-74 j
*
VACUO
___ _______
s im ila r  r e s u l t s  
to  Madorsky
n assumed to  be 1
Doyle’s d a ta  was t r e a te d  by th e  methods developed in  th i s  work and the  
E and n param eters a re  recorded  in  Table 44D.
Our in v e s t ig a t io n  o f P .T .F .E . (Runs 114, 115, 116, 117) in  a 
dynamic n itro g e n  atm osphere showed th a t :
-162-
( i )  on ly  w ith  method G, a t  low oc v a lu e s , could a r e s u l t  be
o b ta ined  which compared w ith  p rev ious v a lues (see  Table 50 ).
( i i )  The D.T.G. curves (F ig . 21) show a rep ro d u c ib le  d iffe re n c e  
w ith  m olecular w eight, and th e  r e s u l t s  from method 
in d ic a te  th a t  th e  low m olecular w eight polymer has a 
low er n param eter and p o ss ib ly  a lower energy term .
65Anderson and Freeman found z e ro -o rd e r k in e t ic s  to  hold  under 
vacuum co n d itio n s  fbr th e  f i r s t  15$ o f th e  re a c t io n  and f i r s t - o r d e r  k in e t ic s  
f o r  th e  rem ainder o f th e  re a c t io n . Energy term s o f 46 and 60 k ca l./m o le  
f o r  th e  re s p e c tiv e  s tag es  were c a lc u la te d . The r e s u l t s  o f th e  p re sen t 
work a re  g iven  in  Table 44D.
I t  i s  notew orthy th a t  th e  a va lues used in  methods B^, B^, B  ^
and F s t a r t  a t  0 .178, i . e .  17 .8$ decom position, and th e  E and n values
65a re  in  reaso n ab le  agreement w ith  those  ob ta ined  by Anderson and Freeman . 
Method G employed low a v a lu es  0.072 -  0,233 i . e .  the  f i r s t  23$ 
decom position approxim ately , and th e  value  o f 35.0 k caV niole i s  
m arkedly d i f f e r e n t  from th e  o v e ra ll  E and s im ila r  to  th e  46 k. c a l./m o le  
o b ta ined  by Anderson f o r  th e  f i r s t  15$ o f th e  decom position. The 
v a r ia t io n  o f n and E along the  curve i s  shown in  Table 54.
From th e  two polymers in v e s t ig a te d  th e  assum ption o f f i r s t - o r d e r  
k in e t ic s  fo r  polymer py ro ly ses  does not appear v a l id  and one may conclude 
th a t  i t  i s  e s s e n t ia l  to  be ab le  to  ev a lu a te  both  E and n in  a s tudy  of
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a p a r t i c u la r  polym er.
5 .5 . R eactions o f calcium  o x a la te  monohydrate
CaC2o4 n 2 o CaC204 + H20 .
CaCCL + CO.j
CaC0„ ■ ' ) CaO + C0_.3 2
The compound was s tu d ie d  fo r  th e  fo llow ing  reaso n s:
1 , I t s  use as a c l a s s i c a l  compound in  T.G.A. experim ents.
2* I t  has th re e  s to ic h io m e tr ic  s tag es  and from one T.G. run  da ta  
from th re e  d i f f e r e n t  re a c tio n s  i s  o b ta in ed , which can be used 
to  t e s t  k in e t ic  eq u a tio n s . I t  i s  thus a f r u i t f u l  source o f 
d a ta .
3 . In  each s ta g e  , th e  gas evolved i s  u n lik e ly  to  condense on th e  
r i s e  rod  g iv in g  erroneous w eight re c o rd s .
•20
4* Freeman and C a rro ll  used th e se  re a c tio n s  to  t e s t  t h e i r  equations 
and s ta te d  th a t  th e  w ater lo s s  was f i r s t - o r d e r .  I n i t i a l l y  i t  was
hoped th a t  th i s  system would be a s u i ta b le  one to  s tudy  but i t  was 
proved subsequen tly  to  be more com plicated  than  th e  s to ich io m etry  
would su g g es t.
5 .5 .1  Water lo s se s  from calcium  o x a la te  monohydrate and o th e r compounds 
The mean v a lu e  o f th e  n and E param eters f o r  th e  lo s s  o f w ater 
from calcium  o x a la te  monohydrate and t h e i r  v a r ia t io n  w ith  h ea tin g  r a te
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i s  shown in  Table 45* I t  should be po in ted  out th a t  th i s  w ater lo s s  
in  an a i r  atm osphere i s  no t an id e a l  system s in ce  th e  re v e rse  re a c t io n  
does tak e  p la c e . This i s  i l l u s t r a t e d  by th e  f a c t  th a t  th e  anhydrous 
o x a la te  i s  hygroscopic'* '^ '.
The r e s u l t s  in  Tables 44A and 45 a re  in  g en era l agreement w ith  
th e  a c t iv a t io n  energy quoted by Freeman and C a rro ll, namely 22,0 k c a l,/m o le , 
b u t suggest a v a lu e  o f n = ■£■ as compared w ith  th e  f i r s t - o r d e r  o f Freeman 
and C a r ro ll .  The fo llow ing  conclusions can be drawn :
( i )  In  cases where th e  h e a tin g  r a te  i s  l in e a r  (s tan d ard  d e riv a tio n  
<C 1$) the  agreement between th e  d i f f e r e n t  methods i s  reasonably 
good (e .g .  Run 2 l ) .  Where th e  h e a tin g  r a te  i s  not so 
l in e a r ,  la rg e  d isc rep an c ies  between each method a re  o b ta ined . 
Method F seems p a r t i c u la r ly  prone to  v a r ia t io n s  in  the  l in e a r  
tem peratu re  r i s e ,  e .g .  Run 52,
( i i )  The d if fe re n c e  between runs 34, 51,52 and 14, each a t
approxim ately  3°Jmin, i s  probably  due to  v a r ia t io n  in  th e  
p a r t i a l  p re ssu re  o f th e  w ater vapour in  the  fu rnace atm osphere* 
Runs 51 and 52 were done on consecu tive  days and th e  energy 
term s a re  ap p rec iab ly  d i f f e r e n t  w ith  the  excep tion  of those 
ob ta ined  from method G, The low a va lues used in  th i s  
method a re  presumably le s s  su sc e p tib le  to  changes in  the  
p a r t i a l  p re ssu re  o f th e  w ater vapour than  a re  th e  h ig h er a 
v a lu es  used in  a l l  th e  o th e r methods. The mean va lue  o f E
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f o r  a l l  fo u r runs from a l l  th e  methods was 19 .7  -  0 .8  
k c a l./m o le .
( i i i )  From Table 45 i t  i s  o f note th a t  fo r  a l l  the  methods the  
c o r r e la t io n  c o e f f ic ie n t  between E and a i s  n eg a tiv e  ( i . e .  
as a in c re a se s  E decreases) and th e  c o r re la t io n  c o e f f ic ie n t  
between n and a i s  p o s i t iv e .  The v a lues o f r  a re  sm all 
and no t s ig n if ic a n t  in  them selves, but th e  f a c t  th a t  a l l  
th e  methods g ive th e  same s ig n  f o r  r  can be taken  as 
evidence o f a d e f in i te  tre n d .
( iv )  The r e s u l t s  in  Table 47 show th a t  th e  runs in  n itro g en
(40,41 and 4 2 ) and in  a downflow of a i r  (97) a re  no t
s ig n i f ic a n t ly  d i f f e r e n t  to  those  in  s t a t i c  a i r  s in ce  in  a l l
cases th e  p r o b a b i l i t i e s  a re  g re a te r  than  10$. The runs in
n itro g e n  show th e  same tre n d  w ith  h e a tin g  r a te  as th e  runs 
in  a i r .
(v) The runs on stro n tiu m  o x a la te  monohydrate (SrC^O^.H^O) -
Run 62 -an d  on th e  barium compound (BaC^O^-fcE^) -  Run 64-
have n param eters near to  u n ity  and the  energy term s a re
g re a te r  than  fo r  th e  calcium  o x a la te . From Table 47
th e  o rd er o f th e  E param eter i s  Ca Sr ^  Ba
(v i)  Magnesium hydroxide r e s u l t s  do n o t confirm  a 2 /3  o rd er
39suggested  and used by Turner and co-w orkers .
Only th e  slow er h e a tin g  r a te s  fo r  th e  re a c tio n  in  a i r  have been 
used f o r  d e riv in g  k in e t ic  param eters as th e  exotherm ic e f f e c t  p rev io u s ly  
d iscu ssed  (p . 76 ) d estro y s  th e  l in e a r  tem perature r i s e  (see P ig . 7 ).
As i t  i s ,  th e  d ep artu re  from l in e a r i t y  w ith  in c re a s in g  h ea tin g  r a t e  can 
be seen  by th e  in c re a s in g  s tan d ard  d e v ia tio n . The fo llow ing  conclusions 
can be drawn:
( i )  Method shows th e  d e f in i te  t re n d  o f in c re a se  in  E and
n as th e  h ea tin g  r a te  i s  in c reased  ( i . e .  c o r re la t io n
c o e f f ic ie n ts  of +0.8 and th e  obvious tre n d  from Table 44B).
Method shows no tren d  w hatsoever. The g re a t d iffe ren c e
between th e  two methods i s  th a t  oethod B, uses and B0 4 ^1 d t £ d i
v a lues and during  th e  exotherm ic re a c tio n  dT(=T2~T^) in
th e  i n i t i a l  s tag e s  i s  g re a te r  than  p re d ic ted  by th e  h ea tin g
decr a te  and thus th e  s lope  ^  i s  sm aller than  expected .
( i i )  The value  of E fo r  th e  slow est h e a tin g  r a te  compares
favourab ly  w ith  the  va lues of E from method B^, G and F, 
thus in d ic a t in g  th a t  th e  h ig h e r E values a t  h ig h er h ea tin g  
r a te s  ob tained  w ith  methods B^ and B^ a re  a r e s u l t  o f th e  
exothem nicity  o f th e  r e a c tio n . The means o f th e  energy 
term s from methods B^,G and F a re  in  good agreem ent, and 
th e  n value  of 0 .5  from methods and F has a th e o re t ic a l  
j u s t i f i c a t i o n .
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•7 Q
( i i i )  Freeman and C a rro ll  ob tained  E and n param eters of
74 k c a l./m o le  and 0 .7  re s p e c tiv e ly . The r e s u l t s  of
89Karkhanavala and Rege a re  shown below:
h e a tin g  r a te  
°C/min
.TABLE. 51 
p a r t i c l e  s iz e n E
. .  - - ____
4 100-120 0.60 108.0
4 300-325 0.90 89.0
8 100-120 1.31 101.0
8 300-325 1.21 96.0
In  th e  p re sen t work, Run 8 a t  4°/m in . u sing  a 100 mg.
sample, was d e f in i te ly  exotherm ic and was not used fo r
89k in e t ic  d e te rm in a tio n s . K arkhanavala and Rege appear 
to  have used a 700 mg. sample and s t i l l  assumed a l in e a r  
r a t e  o f h e a tin g .
( iv )  The runs in  a downflow of n itro g en  (40, 41 and 42) show 
s im ila r  E v a lues to  th e  ones in  a i r  w ith  th e  excep tion  of 
method G where th e  va lues a re  low er. Simons and Newkirk' 
have shown th a t  in  n itro g e n , carbon i s  formed during  the  
re a c tio n  according  to  th e  fo llow ing  equation :
2 CO C + C02 & H  = -2 0 .7  k c a l./m o le
and th e  re a c tio n  i s  more complex than  i t  ap p ears .
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In further support of this, D.T.A. studies do not 
consist of a single peak which is typical of a single 
stage process.
(v) The r e s u l t s  in a downflow o f air (Run 97) are similar 
to  those  in s t a t i c  air.
(v i)  The runs on stron tium  (Bm62 }ondbariuia (Run 64) oxalates 
performed in a downflow of n itro g e n  show no definite 
trend.
5.5.5. Carbon dioxide losses
(a ) from calcium oxalate i n  air
The mean values o f the E and n parameters and their correlation
coefficients w ith  respect to heating rate are shown In Table 45. The
following conclusions can he drawn s
a )  The most consistent values of E and n are ob ta ined
using method B. in which E Is 39.9- 3*2 k cal./mole 
4
+and. n = 0.18 - 0.10* Ifo obvious trend in n or E with 
variation of heating rate i s  a p p a ren t. The values of 
the slopes obtained from method accurately smooth the 
jD.T.Gr. curve from method 3^ und thus reliable E and n 
parameters are to be expected.
( i i )  From Table 45 It say be s ig n i f ic a n t  that the c o r r e la t io n  
coefficient o f E w ith  respect to  a is negative and th g t
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o f n w ith  re sp e c t to  a i s  p o s i t iv e .  These a re  th e  same 
tre n d s  observed w ith  th e  w ater lo s se s  and i t  i s  worthy 
o f no te  th a t  bo th  th ese  re a c tio n s  a re  r e v e r s ib le .
( i i i )  The h ig h e r va lues o f E ob ta ined  in  method G fo r  th e
i n i t i a l  s tag e s  o f the  r e a c tio n  may a lso  be due to  the  
re v e rse  re a c t io n ,  
o o  from calcium, o x a la te  in  dynamic atm ospheres 
The runs in  a downflow o f n itro g e n  (40 ,43 ,41) have E v a lu es  s l ig h t ly  
h ig h e r than  fo r  s im ila r  runs in  a i r  as expected from th e  h ig h e r r a te  of 
w eight lo s s  (see  p . 180) This conclusion  i s  based on methods B^, G and F 
which have a lower o v e ra ll  s tan d ard  d e v ia tio n  than  methoch and Bg. The 
run  in  a  downflow o f a i r  (97) shore th e  same tre n d . Using the  average 
v a lu es  o f E from methods B^, B^, B  ^ and F found in  Table 46, th e re  i s  no 
s ig n i f ic a n t  d if fe re n c e  between runs in  s t a t i c  a i r ,  dynamic a i r  o r n itro g en  
c . f .  Table 47.
The mean v a lu es  o f E and n from method B^, namely 39.9 -  3 .2
k  c a l./m o le  and n = 0 ,8  £  0 ,1 0 , a re  in  good agreement w ith  the  iso th erm al
r e s u l t s  B r i t to n , Gregg and W inso r^^  ob ta ined  f o r  c a l c i t e .  For a
r e v e r s ib le  r e a c tio n  i t  has been argued th a t  th e  energy term  should be equal
105to  th e  6 H fo r  th e  re a c t io n  , /: H fo r  th e  calcium  carbonate  re a c tio n
70
i s  40 .0  k  c a l ./m o le . Freeman and C a rro ll have given some v a lu es  of n 
and E, found in  th e  l i t e r a t u r e ,  from iso th erm al s tu d ie s . The va lues range 
from 0 to  1 fo r  n  and from 35 to  49 k c a l ./m o le . fo r  E. In  t h e i r  T.G.A.
Qp
stu d y  they  found E = 39 k .c a l /^ o le  and n = 0.4* Ingraham and M arier
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used z e ro -o rd e r k in e t ic s  in  t h e i r  work on calcium  carbonate  and found 
E = 48 .4  - 2 k .  c a l ./m o le .
(c) From Table 47, th e  runs on s tro n tiu m  (62 ) and barium ( 64 ) 
carb o n ates  d e riv ed  from th e  o x a la te s  in d ic a te  th a t  th e  E param eters show 
th e  fo llo w in g  tre n d !
Ca ^  S r Ba
(a) Runs on a marble ch ip  ( 56) and a ground marble ch ip  (63 ) show 
th a t  th e  E and n param eters a re  g re a te r  fo r  th e  powder. These r e s u l t s  
a re  d iscu ssed  l a t e r  on p . 181.
(e ) Runs 82, 58 and 84 a re  fo r  in c re a s in g  w eights o f AnalaR calcium  
ca rb o n a te . The only conclusion  th a t  can be drawn i s  the  sm alle r th e  
w eight taken  th e  la rg e r  th e  energy term o b ta in ed . The la rg e r  weight 
would tend  to  in c re a se  th e  e x ten t o f the  back re a c t io n  by in c re a s in g  the  
bu lk  d if fu s io n  tim e and th e  re a d so rp tio n  of th e  escap ing  carbon d ioxide 
(see  p . 180 ) .
( f )  The p a r t i a l l y  decomposed calcium  carbonate  (runs 77, 78 and 81) 
would be expected to  have th e  same tre n d s , th e  h ig h e s t E value  being 
a s so c ia te d  w ith  th e  low est percen tage  o f calcium  ox ide . However, as th e  
samples were o f d i f f e r e n t  weight (th ey  each had approxim ately  0 .03 g . of 
calcium  carbonate) th e  tre n d  i s  masked.
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On
5.6« . B e r lin  and Robinson Approach
This method, which was o u tlin e d  on page 53, was te s te d  u sin g  the  
r e s u l t s  ob ta ined  in  th e  p re sen t work fo r  th e  th re e  s tag es  o f th e  calcium  
o x a la te  monohydrate decom position.
The p lo ts  a re  shown in  F igures 22, 23, 24 and 25, and th e  energy 
term s c a lc u la te d  from the  ' f i r s t  g rap h ica l method* a re  shown in  Table 52.
TABLE 5.2
REACTION ATMOSPHERE E. k c a l./m o le  j
h2° lo s s S.A. 16.0  -  2 .1
CO II S.A. 62,2  £ 5 .0
CO u d . n .d . 4 1 .0  £  8 ,5  j
1 C02
II S.A. 46 .6  £  2 .5  j
j °°2
It D.N.P. 28.2 £  4 .9  j
PLOT 1
From F ig . 23, th e  carbon monoxide lo s s ,  two p o in ts  a r i s e :
( i )  At h e a tin g  r a te s  h ig h e r than  3 ° /min* tiie tem peratu re-tim e p lo ts
a re  n o n - lin e a r  (see  F ig . 8) and runs 18, 11 and 8 a t  h ig h er h ea tin g  
r a te s  would no t be expected to  obey th e  th eo ry  which i s  based on
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th e  assm iption of l in e a r  h ea tin g  r a t e s .
( i i )  The p lo t  fo r  tne  carbon monoxide lo s s  in  n itro g en  i s  d i f f e r e n t  from
th e  p lo t  f o r  th a t  in  a i r  as the  exothermic e f f e c t  i s  ab sen t.
In  F ig , 24f the  carbon d iox ide lo s s ,  the  l in e  was drawn through
p o in ts  ob ta ined  u sin g  calcium  carbonate  p repared  from th e  decom position
o f 0 .1  g . o f calcium  o x a la te  monohydrate ( 0.074 g. o f CaC0„) in  a
3
s t a t i c  a i r  atm osphere. The fo llow ing  runs a re  a lso  shown:
(a) In  n itro g e n  (40,41*43)# the  evolved gas would be swept away more 
q u ick ly  and th e  r e s u l t s  thus l i e  on ano ther l in e .
(b) The calcium  carbonate-ox ide  mixturee(runs 77,78  & 81) co n ta in  a 
sm a lle r  w eight o f CaCO  ^ (0 .03  g) and thus do n o t f a l l  on the  l in e .
(c ) The s in g le  m arble ch ip  (run  56) and th e  AnalaR samples of CaC0„
3
(ru n  82 -  w eight 0,0326 g . and run  84 -  weight 0.1730 g . ) would no t be 
expected  to  f a l l  on th e  l in e  based on the  assum ption of equal w eight samples 
and s im ila r  p a r t i c l e  s iz e .
However, th e  crushed marble ch ip  (Rim 63 ) and th e  AnalaR CaCO^
(Run 58) bo th  weighing 0*0739 g. l i e  on the l in e  as expected.
The B e r lin  and Robinson approach appears to  hold  fo r  the  systems 
s tu d ie d  and the  energy terms shown in  Table 52 a re  in  good agreement w ith  
th o se  in  Table 44#
The r e s u l t s  from p lo t  2 fo r  the  carbon d iox ide lo s s  agree very  w ell 
w ith  th o se  o f R icher and V a lle t * (see  F ig , 25).
. Work j glope 1 In te rc e p t. _ ___  . -  . . 4  —  - - - — — — —
R icher and V a lle t jt
p re se n t work | 
----------------- ----------- 4 -
(7 .5 2 i0 .3 2 )x l0 “ 5j (9*15 ± 0 .03) x 10-4
(8»17-0.19)x l0~ ^! (8 .23  ~ 0 .02) x 10-4
f
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S E C T I O N  6
CONCLUSIONS
-174-
The co nclusions which have been drawn from th i s  work w i l l  he
d iscu ssed  under th e  fo llow ing  headings:
(a) The d e riv a tio n s  and 388141 t s .
(h) The perform ance of th e  therm obalance,
(c ) The e f f e c t  o f p rocedural d e ta i l s .
(a ) The d e r iv a tio n s  and r e s u l t s
In  d isc u ss in g  th e  r e l a t iv e  m erits  of the  d e r iv a tio n s  i t  became
c le a r  th a t  (a ) and (b) a re  in te r r e la te d  and cannot be sep a ra ted . For
example, th e  f a c t  th a t  method i s  s ig n i f ic a n t ly  more accu ra te  than
r a th e r  than  any in h e re n t d iffe re n c e  in  the  d e riv a tio n s  as in  method
a re  used . Thus e r ro rs  in  measurement o f tem perature  w i l l  a f f e c t  method B^. 
This e f f e c t  i s  p a r t ic u la r ly  im portan t fo r  slow h e a tin g  r a te s  where th e  
tem pera tu re  r i s e  in  a given tim e in te r v a l  i s  le s s  than  fo r  a f a s t e r  
h e a tin g  r a t e .  This i s  shown in  th e  fo llow ing  example:
I f  read in g s  a re  taken  every m inute and th e  e r ro r  in  measurement of 
tem peratu re  i s  0,2°C , then  fo r  an experim ent a t  1°/m in . h e a tin g  r a t e  the
e r r o r  i s  — = 20^. At 6°/m in. r a te  of h e a tin g  the  e r ro r  would be only
0 .2  = 3&
6
Another reason  f o r  the  h ig h e r e r ro r  in  method could be due to
th e  stepw ise  in c re a se  o f tem perature  of the  fu rn ace . I f  th e  tim e in te r v a ls
a t  which th e  tem perature  was recorded  were sm all, i t  i s  p o ss ib le  fo r  th e
method B^ (see  Table 48) i s  probably  due to  th e  measurement of tem perature
i* e * <X.2"g.l 1 v a lu es  a re  used w h ils t in  method B
i i / it « - t .  '
- -2 -1 - ) values 
v T -T '2 1 ’
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tem peratu re  to  remain p r a c t ic a l ly  s teady  during  one in te r v a l  and in c rease
during  the  n e x t. The corresponding  value of dT(=T0«T-) and thus the  value 
da ^ 1
of dT would be markedly d i f f e r e n t .  This e f f e c t  i s  more im portan t a t  slow
r a te s  of h ea tin g  bu t i s  o f f s e t  by u sin g  la r g e r  time increm ents, as the
re a c tio n  tim e i s  lo n g e r a t  slow er h ea tin g  r a te s .  The use of a s te p le s s
power in p u t to  th e  fu rnace  (s te p s  a re  s t i l l  p re sen t bu t of much sm alle r
m agnitude) presum ably would give b e t t e r  r e s u l t s  and th i s  f a c i l i t y  has
become a v a ila b le  in  a l a t e r  model of the  S tan ton  therm obalance.
Method G-, a lthough  l im ite d  to  the  i n i t i a l  s tag es  of the  re a c tio n  
gave the  most c o n s is te n t  r e s u l t s  f o r  the  organic compounds (Table A4D) 
which were used as s tan d a rd s . The r e s u l t s  on the w ater,carbon  monoxide 
and carbon d iox ide lo s se s  a re  no t so c o n s is te n t ,  bu t th i s  might be due 
to  th e  complex n a tu re  of th e se  re a c tio n s  r a th e r  than  the  method. A 
com parison of the  energy param eters of the  th re e  hydroch lo rides i s  b e s t 
made u s in g  method &. A lthough only E i s  determ ined by th i s  method, i t  
has proved a s a t i s f a c to r y  p re lim in a ry  p robe.
Methods B, and F a re  s u ita b le  f o r  a more d e ta i le d  in v e s t ig a t io n .
4
I t  should  be p o in te d  out th a t  method has low s tan d a rd  d e v ia tio n s , 
because th ese  v a lu es  were c a lc u la te d  from the  a and T va lu es  from the  N.D. 
curve and n o t th e  a c tu a l  experim ental d a ta . Thus method cannot s t r i c t l y  
be compared w ith  methods B^ and B^. Method F seemed p a r t i c u la r ly  prone to  
s l ig h t  d e v ia tio n s  from a l in e a r  h ea tin g  r a te  which cou ld  n o t be avoided 
u s in g  th e  p re se n t in s tru m en t. Thus, as w ith  method Bg, the  use of a
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s te p le s s  power in p u t would probably  give b e t te r  r e s u l t s .  These two methods
(B^ and 3?) p rovide E and n param eters f o r  the  a and tem perature range of
the  r e a c t io n . I t  i s  co nce ivab le , however, th a t  E and n might change
du ring  th e  re a c tio n  and in  such a case method A cou ld  be used . The r e s u l t s
f o r  the  runs on P .T .F .E . and po ly sty ren e  in  n itro g en  (T ables 53 and 54
re s p e c tiv e ly )  a re  f o r  e ig h t p o in ts  in  the  a range 0 .2 5 -0 .8 0 . The values
of E and n f o r  successive  com bination of p o in ts  up the  cu rve , i . e .  1 ,2 ,3 . ,
da
2 .3 .4 .  e t c . ,  a re  shown. The va lues of the slope dT used in  methods and
were determ ined from p rocess 4 ,  and p rov ided  th a t  the  u n c e r ta in ty  
in tro d u ced  by the  use of the  N.D. curve i s  overcome, these  methods can be 
a p p lie d .
TABLE 53
The v a r ia t io n  of E and n f o r  P .T .F .E . from method A4 (arange 0 .2 5 -0 .8 0 ,
T range 805“841°K)
----------
'
r M ............
LOW. m :* ¥ / '
■ - J . ......N o u m _SL
PTS 114 115 116 1 117
E n E. —  _ n 1 E n 1 - *  - n
1 ,2 ,3 . 43 .0 0.19 3 8 . l t - 0 . 0 56.6 1.03 58.3 1.13
2 ,3 ,4 . 42 .0 0.15 3 3 . 0 0.07 52 .8 0.90 54.9 1.02
3 ,4 ,5 - 40.9 0 .11 137.6 0.05 48.5 0.78 5 1 .4 0.93
4 ,5 ,6 . 39.6 0.07 137-1
0.0 4 3 .4 0.67 47 .8 0.86
5 ,6 ,7* 38.1 0.04 ' 3 6 .  hr 0.02 37.0 0.58 44*5 0.81
6 ,7 ,8 . 36 .4 0 .0 2  I 3 5 .7  
i
0.01 28.2 0 .44 42 .1 0.77
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TABLB 54
The v a r ia t io n  o f E and n f o r  p o ly s ty ren e  from method A^  ( a range 0*25 -
0 .7 8 , T range 649 -  672°K).
PTS .  5 3
E n
r 1 , 2 , 3 . 6 3 . 7 1 . 3 1
' 2 , 3 , 4 . 6 o . 4 1 . 1 9
3 , 4 , 5 . 5 7 . 3 1 . 1 0
4 , 5 , 6 . 5 4 . 9 1 . 0 4 -
' 5 , 6 , 7 . 5 4 . 0 1 . 0 3
6 , 7 , 8 , ; 5 7 . 2 1 . 0 8,  < • 1; SI**- i j
! I------------------------------------ -1------------------A
TABLE 55
B est values of E and n .
REACTION OETHCD B k o a l./m o le
S ublim ation  of ammonium c h lo rid e . ! G- 18.0 * 0 .3 mm
” u methylamine hydrochloride* I & 16 .8  — 0 .6 «a
,f . ,T a n i l in e  hyd roch lo ride . Gr 17 .1  -  0 .4 mm
P .T .F .E . p y ro ly s is  in  n itro g e n . Or 72 .7  -  4 .0 -
Calcium o x a la te  monohydrate: H?0 lo s s . a 19.3  * 3 .3 -
»» : CO " ■ Gr 50.8  ± 6 .0 -
" : C02 " G- 50 .1  -  7 .2 -
” : P^0 " \ 18.0  -  2 .7 0.47  -  0.27
" : CO " \ 49 .6  ■■ 6*0 0.49 ± 0.19
•» : C02 • • 39.9 -  3 .2 0.18 ± 0.10
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Table 55 co n ta in s  the  b e s t  v a lues of th e  k in e t ic  param eters of 
th e  re a c tio n s  s tu d ie d .
o o  The perform ance of the  therm obalance
From th e  d iscu ss io n  in  ta c t io n  (a )  i t  i s  c le a r  th a t  the  fo llow ing  
th re e  f e a tu re s  in  th e  perform ance of th e  therm obalance can a f f e c t  the  
r e s u l t s  o b ta in ed :
( i )  d ep artu re  from l in e a r  h ea tin g  r a t e  (caused  by the  in strum en t and 
n o t by the  r e a c t io n ) ,
( i i )  poor reco rd  of the  tem perature o f  th e  sam ple, 
and ( i i i )  a n o n « step less  power in p u t to  th e  fu rn ac e .
Thus, i f  a  therm obalance i s  to  be used  f o r  e v a lu a tin g  k in e t ic  
p a ram ete rs , th e se  f a c to r s  should be taken  in to  account in  i t s  design 
and o p e ra tio n .
(o ) The e f f e c t  of p ro ced u ra l d e ta i l s
One of th e  conclusions d iscu ssed  in  S ec tio n  5*5*3*> th a t  f o r  two 
runs on th e  same m a te r ia l a t  the  same h ea tin g  r a te  b u t c a r r ie d  out under 
s l ig h t ly  d i f f e r e n t  c o n d itio n s , the  T.G-. curve having th e  g re a te s t  slope 
( i . e .  q u ick er w eight lo s s )  had the  h ig h er energy param eter, seemed a l i t t l e  
s tran g e  a t  f i r s t  s ig h t ,  b u t i t  could  be ex p la in ed  as fo llo w s:
-  -X
T
T.
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I f  curve A and curve B have the same slope at temperature T*, and
dor
at temperature curve A, the upper curve, has a = and slope dT y  and
curve B has a = a. and slope ( £ .  ), ; i .e .  a a and ( 5 3  (5 3 . I, then^ dT lb \oT>5/
for  reaction A, at T ,^ equation 3«1*4* becomes
, -B /RT n/ da \  = A e A 3 ( l-a  ) # . # 6 .1 .
\ dT|3 a ^
tA \ a /  vn
and sim ilarly at = ± e C1" “5) * * * 6 . 2 .
For reaction B, provided n i s  the same for both reactions, the following
equations are obtained:
-  SL/feE n
^ \ - A e ( l - a  ) . . . 6 . 3 .
\ d T /  a 3
* n 
/*da \ A e B ^ ( l - a  ) . . .  6 .4 .
V® -V = -  4
Combination of eq u a tio n s  6 .1  and 6 ,2 . and of 6 .3  and 6 .4 . g iv es:
*=*Ea ' 1 ‘ -  1 1 n
(ao/ai)3 g -  . t3 tJ ( i  -  « )
T ^ S T  = 6 ( m r  ’ '  '5 5
~EB I'l -  X 1 (1  -  O  . . . 6 . 6 .
and ( a a / a i ) ,  a 1.5 1 j  ____ £ _
 J * e  1  -  a .)
(da/dT ) 4 ^
D iv id in g  eq u a tio n  6 .5  by 6 .6  g iv es:
W . / W  | f |  ( I - . , ) "
W 7 S ) ‘  ■ •  3 4  ! r ^ "  6-7 '
As y5 f f*  )a  and ( X ( l  -  a5) p rov ided  n^> 0
•» r  1 ’ C L l- ' 1 “ ~1 r i  „  1 ' ] [  e _  -  e  
R Lt ,  ; i L B A /th en  e 3 4  \  1
and thus E \  E .
A / r  B
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The same r e s u l t  i s  ob ta ined  iso th e rm a lly , where f o r  ease of
p re s e n ta t io n  a zero***order re a c tio n  w i l l  be d iscu ssed . I f  a t  T^ th e
two re a c tio n s  have th e  same slope a« t  l i n e  and a t  su ccess iv e ly  h ig h e r
tem p era tu res  th e  slope o f A i s  g re a te r  th an  th a t  of B, then  the
corresponding  A rrhen ius p lo ts  would give E \  E •
A B
A ccepting th i s  conclusion  th a t  the  s te e p e r  a -  T curve has a h igher
a c t iv a t io n  energy , th e  fo llo w in g  r e s u l t s  would be expected:
( i )  The e f f e c t  of atmosphere
I f  two runs a re  perform ed, one in  a i r  and the  o th e r  in ,  say , a
dynamic n itro g e n  atm osphere, in  th e  l a t t e r  case th e  escaping  gas i s  swept
away by the  n itro g e n  and the  a - T curve in  n itro g en  would be expected  to
be above th a t  o f the  T curve in  a i r .  Thus E should  be g re a te r  than
n 2
E . • This e f f e c t  i s  observed f o r  th e  w a ter lo s s  from caloium  ox a la te  a i r
mono h y d ra te ; a t  3 ° A i n * ^  f o r  run  43 i s  g re a te r  than  E from Run 51 and a t  
6°/m in . E f o r  Run 41 i s  g re a te r  than  E from Run 11.
( i i )  The e f f e c t  of sample weight
F o r two runs on d i f f e r e n t  w eights of sample, th e  escap ing  v o la t i l e  
would be expected  to  be l o s t  a t  a f a s t e r  r a te  from th e  sm alle r sam ple, s in ce  
in  th e  l a r g e r  sample th e  bu lk  d if fu s io n  p a th  o f the  gas would be lo n g e r.
Tims E *]> E i f  W <£ W • This i s  observed w ith  Runs 82 and 58 , f o r  th e
I f '  W2 1 2
calcium  carbonate  decom position.
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( i i i )  The e f f e c t  of p a r t i c l e  s ize
The argument in  ( i i )  would be expected  to  hold  f o r  the  comparison 
o f a s in g le  c r y s ta l  (c )  and a powder (p ) . Thus ^  ^ ( 0 ) ^ o r s^m^ a r  
w eight of sample* This was observed f o r  a ground (Run 63 ) and an unground 
marble c h ip , (Run 56)•
The e f f e c t  of h ea tin g  ra te
The h ea tin g  r a te  should n o t a f f e c t  the  value of E and n f o r  a * simple* 
re a c t io n  e .g .  a su b lim ation . However, f o r  the  more complex re a c tio n s  e .g .  
th e  w a te r lo s s  and carbon dioxide lo s s  s tag es  from calcium  oxala te  
monohydrate, which have been shown to  be r e v e r s ib le ,  th e re  i s  in  each case 
an in d ic a t io n  th a t  the  value of E decreases and n in c re a se s  as the h ea tin g  
r a te  i s  in c re a se d . An a ttem p t was made to  develop k in e t ic  equations based  cm 
a re v e rs ib le  re a c tio n  in s te a d  of the re a c tio n  A B. . + C b u t very
C s )  ( s )  ( g )
l i t t l e  p ro g ress  was made.
Suggestions f o r  fu tu re  work
( l )  An a ttem p t might be made to  f i t  an eq u atio n  to  the  D.T.G-. curve
on th e  same l in e s  as the  N.D. curve was f i t t e d  to  the  a « T curve . The
p re lim in a ry  work which was done on th i s  problem in d ic a te d  th a t  some form
of skew N.D. curve would be l ik e ly  to  f i t .  The main problem i s  th a t  
da
a c c u ra te  &T v a lu es  would be re q u ire d . Use of eq uation  3»1»4*> which
dawas developed from f i r s t  p r in c ip le s ,  w ith  -j j  v a lues from process 2 can 
g ive r id ic u lo u s  v a lu es  of E , n and A s in ce  terms such a s :
Ti -  i  ]
ln ( d a/d T )« /(d a /d T ) , T T i and In  ( l  «a ) / ( l  «a ) a re  sm all, and th u s ,
1 2 - 1 2J 1 2
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sm all e r ro r s  in  any one component d r a s t i c a l ly  a f f e c t  the magnitude of the 
term and thus o f the  param eters o b ta ined .
(2) In  th i s  p re se n t work the emphasis has been on the d e te rm ina tion
of E and n param eters bu t as was s tre s s e d  e a r l i e r  th i s  i s  ju s t  one a sp ec t
of the  work on s o l id s .  P re lim in ary  s tu d ie s  have been c a r r ie d  out 011
a n a ly s is  of the  gases evolved during the  decom position re a c tio n s  of
c h lo ro p la t in ic  a c id , H^PtClg. Three s tag es  of the  decom position could  
correspond  to  e i t h e r  the lo s s  of hydrogen ch lo rid e  o r c h lo r in e , o r even a 
m ixture  of bo th . In  o rd er to  d is t in g u is h  between th ese  p o s s ib i l i t i e s  the 
evolved  gases were bubbled through a tra p  co n ta in in g  carbon te t r a c h lo r id e ,  
potassium  io d id e  so lu tio n  and tro p a e o lin  00 in d ic a to r .  I f  any ch lo rin e  
was evolved the io d in e  l ib e r a te d  would co lou r the  carbon te tra c h lo r id e  
la y e r  v io l e t ,  and i f  hydrogen c h lo rid e  was p re sen t in  the  e f f lu e n t  gases
th e  in d ic a to r  would change from yellow  to  re d . This system could  thus
d e te c t  ch lo rin e  a lo n e , hydrogen ch lo rid e  alone o r a m ixture of the two 
g a se s . The r e s u l t s  in d ic a te d  th a t  the  decom position ro u te  was as fo llo w s:
( i )  lyPtClg aq I^PtCXg + aq
( i i )  I^PtClg — » PfcCl + 2HJ1
( i i i )  PtCl, —^  PtC l + Cl 
N '  K . 2 2
( iv )  P tC l r,aOTr) P t + Cl-2 ^
(3) In  some cases th e re  does n o t appear to  be a good c o r re la t io n  
between k in e t ic  param eters derived  from iso therm al and T.G-. methods. A 
p o s s ib le  ex p lan a tio n  could  be th a t  the assum ption th a t  the r a te  co n stan t
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from a T.G-.A. run  a t  tem perature T i s  equal to  the iso th e rm al r a te  co n stan t
SK
a t  the  same tem perature  i s  n o t v a l id .  Also the  assum ptions of K iss in g e r
th a t  T and t  a re  independent v a r ie t i e s  (see  page 83), and th a t  the  term
/> a\  i s  zero may he questioned . I f  the form er assum ption i s  c o rre o t 
\ ^ ; t
i t  would appear th a t  h is  l a t t e r  sta tem en t i s  in c o r re c t  by the  fo llow ing  
reaso n in g :
I f  a s e r ie s  of iso th erm al runs a t  T , ,  T , T • • • •  T a re  p lo t te d  as a«  t1  2  3  p
c u rv e s , a v e r t i c a l  l in e  a t  tim e t^  would cu t the curves in  p p la c e s . A 
curve of a a g a in s t  T f o r  th ese  p p o in ts  could  be p lo t te d  and the slope a t  
any p o in t would be given by \ \ which i s  no t zero except a t  T = 0. I f
T and t  a re  independent v a r ia b le s ,  p lo t t in g  the p o in ts  on th re e  m utually  
p e rp e n d icu la r  axes would give a su rface  from whioh the  r e la t io n  between 
iso th e rm a l runs ( v e r t i c a l  p lan es  p a r a l l e l  to  the  t  a x is )  and T.G-.A. runs 
( v e r t i c a l  p lan es  along  l in e s  on the  T«t p lane governed by the equation  
T as a t  + b where b = tem perature a t  which a l l  runs s t a r t ,  i . e .  t  = o) 
can be c le a r ly  seen . From such a p ic tu re  a b e t t e r  c o r re la t io n  between 
iso th e rm a l and T.G-.A. k in e t ic  param eters would be expected . Thus f u r th e r  
work cou ld  be c a r r ie d  out to  t e s t  these  id e as  on a ’ simple* re a c tio n  a t  
many d i f f e r e n t  h ea tin g  r a te s  from a s tan d a rd  tem perature and to  p lo t  the  
r e s u l t s  on a con tour map. A s e r ie s  of iso th erm al runs cou ld  then  be 
perform ed to  see i f  agreem ent was obtained#
The advantage of p ro cessin g  th e  data  from a therm obalance
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d i r e c t ly  by a computer i s  obvious co n sid e rin g  the  v a s t  bulk  of in form ation
107, 108,
handled. l/Tork has s ta r te d  in  one o r two la b o ra to r ie s  and th i s
i s  obviously  a p ro f i ta b le  study to  u n d ertake .
-185-
S E C T I O N  7
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Use of the  computer
The computer used  throughout the  p re se n t work was a F e r r a n t i  S ir iu s  
d i g i t a l  com puter, and the  programmes were w r i t te n  in  autocode language#
The flow  diagrams of the  programmes f o r  methods B,F, the  approach u s in g  
th e  E rofeev equation  and the  procedure to  determ ine th e  slope from process  
4  a re  shown in  t h i s  Appendix,
Symbols used  in  th e  flow  diagrams
w ss number o f s e ts  of p o in ts  ( i . e .  a and T ).
1n = i n i t i a l  value of n used in  methods B and F .
1
n^= ” ” n n^ M ” the  E ro feev  method.
&n= increm ent of in c re a se  of n o r  n^, 
c*n^= second increm ent of in c re a se  o f n o r n^, 
a re p re se n t any th re e  p o in ts  on the  T
S = Sum of the  squares of the  e r ro r s  (see below)
m ss s tan d a rd  d e v ia tio n  of the slope m.
^  c = s tan d a rd  d e v ia tio n  of the  in te rc e p t
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Method _ _____ . y.«____•
B
E
Erofeev
In  d«/dT 
( l - a ) a
In l-(l„a)1"n
(l-n)
. da/dT
(l«ct) [.-ln(l- a)J 
.... . . ..............—.......................
x .
1
T
4 m = V w
(w-X)w 2.(xn)2-| <^xn i 2 ^
where S = *> [y  -ma - c .  ]' y * -Ljrn n 1J
w -  1
w (xn ) Also S = ^ (y  -  mx -  c^)'
,J  ( w - l )  > W I ( x n ) 2 4 c  x n j 2
Method of l e a s t  squares
C onsider the  l in e  y  = mx + th rough  w p o in ts  whioh i s  th e  h e s t  
s t r a ig h t  l in e  th a t  can be drawn th rough th ese  p o in ts .  I t  can be shown th a t :
_  n = w ’ n ss w _  n = w
slope  m = w\ (xn y  ) (xn ) .  > (y n )
n = 1 n n = 1 n = 1
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Met ho 6. o f o b ta in in g  the  b e s t  s t r a ig h t  l in e  (see p . 86 )
s tan d a rd  
d e v ia tio n  
in  th e  
slope , 4 m
\
v\
/
V
-i o n
- 4 _ u
n n2 i n3
n .
n„
o rd e r o f re a c tio n  n
The s tan d a rd  d e v ia tio n  m i s  c a lc u la te d  f o r  n = n \  The value of
n i s  in c re a se d  in  s tep s  o f £n and the  s tan d a rd  d e v ia tio n s  in  the slope a re
found to  d ec rea se . The minimum in  Am i s  reached when n = n 7. To ensure
th a t  th i s  i s  a t ru e  minimum, n i s  in c re a se d  th re e  more increm ents to  n_ and
5
th e  value o f Am i s  found to  in c re a s e . The value of n i s  reduced to  ng,
r  r  f-
i . e .  on b e fo re  the  minimum, and the  value  of On i s  rep laced  b y o n ^  where 
= 5n / l 0 ‘ The reg ion  from i s  scanned in<5n^ increm ents u n t i l  the  
p o s i t io n  o f th e  minimum i s  lo c a te d  a t  n^ , The same s tep s  to  ensure a tru e  
minimum a re  taken  as  befo re  and i f  re q u ire d  even f i n e r  d e term in a tio n  of n
8’ n-.
can be undertaken  u sin g  increm ents of -----  i . e .
10
6  n 
100
In  the  p re se n t
work only two increm ents were u sed , 0 .2  and 0 .0 2 . as f u r th e r  accuracy  in  
n was n o t re q u ire d .
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FLOW DIAGRAM FOR METHOD B
START
YES
NO
NO
YES
NO
" YES
s Am>Z
Set stores = O
ncrease counter by I
ncreasc n' by 6 n
Calc, n'm^m , ci Ac and print out values.
Store n'm,Am, c 4 Ac .PutZ = Am and a counter =0
Calc. T°K , yandx values for each set of data.
Decrease n* bySxSn and change 6 n to ~d(
Calc . £ , A£ , A , AA and print n't E, AE, A, AA .
Read inu^n^Sn,* andT values and store. Calculate 
d*/dT values, set Z«lOooand set $nL the smallest 
increment of 6 n required.
STOP
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FLOW DIAGRAM FOR METHOD F
START 
±
Read in w,nj 6n, oc and T values and store . Set Z = IOOO 
and set 6nL the smallest increment of 6n required
Calc l-n
&
AS FOR METHOD B FROM POINT L
Vr-VES
— I------
STOP
Is n, =0
Read in w , n,,&n and T values and store. Calculate 
d*/d T values, set Z -  IOOO and set 6 nL the smallest 
increment of n required-
 ? --------------------------------------
START
FLOW DIAGRAM FOR EROFEEV METHOD
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FLOW DIAGRAM OF THE COMPUTER METHOD USED
dot
TO OBTAIN dT VALUES FROM THE N D  CURVE.
START
YES
v N O
N O (
YES
NOc
YES
NO
YES
Srore values of M,Q,P & S.PutZ=S
Increase c by I s calculate M.Q&P
Calculate S for points afb,c
Increase a by I * put counter b =a
Print stored M.Q.P.S and calc. dVdT from cqu- 3 .4 .4 .
Read in vy, o£ , T , values , put Z =IOOO and counter a = 0
STOP
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C.3
T.G.CURVE .
P. 3
FIG.
C.2
P.2
A. 2
P.L
TEMPERATURE °C
C . 3
d .t.g .c u r v e .
FIG. 2
C.2
P*2
A.3
TEMPERATURE °C
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FIG. 3 TEMPERATURE - TIME CURVES FOR RUNS 
ON ANILINE HYDRO­
CHLORIDE .
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F I G . 9
METHYL AMINE HYDROCHLORIDE
*
I
n=- |.o
2.0
8
6
RUN 1224
n =0*5
METHOD
2
O
n= 1*0
0-8
1.95
METHOD D
RUN 123 
M c NH2HCI
Q
-2 0 2 -
FlG. II
METHOD
RUN 123 
Me NH-.HCI
RUN 125 
NHXI
2-0
- 203-
FiG.  12
METHYL AMI NE HYDROCHLORIDE
u_u_
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RUN 122
METHOD57
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THE SHAPE OF THE FUNCTION K _p -Q(T-M)1
Fl G . 15
MM
FOR TEMPS <M 
Q + VE ~  IO~4 
P + VE ~  *
'm a x ' FIT
FOR TEMPS > M
Q - VE ~  IO-4 
P VE ~  'O-4
MIN' FIT
FIG. I 6 
A POSSIBLE
POLYNOMIAL FIT.
FIG.  17
ON METHYL AMINE
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ISOTHERM AL STUDIES
HY DROCHLORIDE
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FIG. is
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FiG . 19
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fig. 25
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